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Abstract We examined the role of p38 mitogen-activated 
protein (MAP) kinase in the tumor necrosis factor a (TNF-a> 
or interleukin-lp (IL-l(J>induced production of Interleukin-6 
(IL-6) and interleukin-8 (EL-8) in fresh rheumatoid synovial 
fibroblast (RSF) cultures concomitantly with the induction of p38 
M AF kinase activity. Pretreatment -of I^--with^:spedfic^38: 
MAP kinase inhibitor, SB203580, blocked the induction of IL-6 
and IL-8 without affecting nuclear translocation of nuclear 
factor xB (NF-kB) or IL-6 and IL-8 raRNA. levels. These 
findings suggest that p38 MAP kinase inhibitor may have 
synergistic, rather than additive, effect for the treatment of 
rheumatoid arthritis. 
© 2000 Federation of European Biochemical Societies. 
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I. Introduction 

Rheumatoid arthritis (RA) is characterized as chronic and 
progressive inflammatory processes of the affected joints with 
systemic immunological abnormalities leading to synovial hy- 
perplasia and joint destruction. Cytokines that are abundantly 
produced in the inflamed rheumatoid synovial fluid, such as 
tumor necrosis factor a (TNF-a), interleukin-ip (IL-lp), in- 
terleukin-6 (IL-6), and interleukin-8 (IL-8) play crucial roles 
in the pathophysiology of RA. Among these cytokines, TNF- 
ct and IL-ip are consideredjndtspensabie for RA pathogene- 
sis since they are known to induce IL-6, IL-8, and themselves 
through activation of a cellular transcription factor nuclear 
factor kB (NF-icB) [1J. On the other hand, TNF-a and IL- 
IP induced a rapid increase in p38 mitogen-activated protein 
kinase (p38 MAP kinase) phosphorylation and the subsequent 
activation of its enzyme activity [2-4J. Thus, we determined 
the roles of p38 MAP kinase in IL-6 and IL-8 production 
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using a specific inhibitor SB203580 [5]. In this study we dem- 
onstrate that SB203580 inhibits IL-6 and IL-8 production 
without affecting the steady-state mRNA levels of IL-6 and 
IL-8 or blocking NF-kB activation as viewed by its nuclear 
translocation. 



2. Materials and methods 
2.1. Reagents 

Recombinant human TNF-a (TNF-a) and recombinant human 
IL-lp (IL-lp) were purchased from Roche Diagnostics. Anti-p3S 
MAP kinase polyclonal antibody and GST-ATF-2 (1-96) were from 
Santa Cruz Biotechnology. The specific antibodies to the phosphory- 
lated form of p38 MAP kinase at threonine 180 and tyrosine 182 and 
to the phosphorylated ATF-2 (phosph-ATF-2) were from New Eng- 
land Bioiabs. Protein A Sepharose CL-4B was purchased from Amcr- 
sham Pharmacia Biotech. Rabbit polyclonal antibodies to human NF- 
kB subunits, p65 and p50, were from Santa Cruz Biotechnology. The 
specific inhibitor for p38 MAP kinase SB203580, a pyridinyl imidazole 
compound, was purchased from Calbiochem and was dissolved in 
DMSO. ' 

22. Cells 

Rheumatoid synovial fibroblasts (RSF) were isolated as previously 
reported [6-8] from the fresh synovial tissue biopsy samples from 
active three RA patients at total arthro-replacement or arthroscopic 
synovectomy, as defined by the clinical criteria of the American Rheu- 
matism Association pj. Written informed consent was obtained from 
each patient. The data obtained using RSF are presented in this pa- 
per, since the same results were obtained qualitatively using RSF 
derived from RA patients. Briefly, the tissue samples were minced 
into small pieces and treated with 1 mg/ml collagenase/dispase (Roche 
Diagnostics) for 10-20 min at 37°C. The cells obtained were cultured 
in F-12 (Hams) (Life Technologies) supplemented with 10% fetal calf 
scrum. 100 U/ml of penicillin. 100 ug/ml of streptomycin and 0.5 mM 
2-mercaptoethanol. The culture medium was changed every 3-5 days 
and non-adherent lymphoid ceils were removed. Adherent cell subcul- 
tures were maintained in the same medium and harvested by trypsi- 
nization (trypsin/EDTA, Life Technologies) every 7-10 days before 
they reached cellular confluency. All the experiments described here 
were conducted using the RSF during the fifth to the tenth passage to 
characterize the phenotype of adherent cells. 

2.J. Western blot analysis 

RSF cultures at approximately 80% confluency in 60 mm dishes in 
F-12 with" various treatment were harvested and the total cell extract 
was prepared according to the method previously described [8]. 
Briefly, treated cells were washed twice with cold PBS and suspended 
in 0.2 ml ice-cold total cell extract (TOTEX) buffer (20 mM HEPES- 
1COH (pH 7.9). 350 mM NaCL 1.0 mM MgClj, 20% glycerol. 1.0% 
NP-40, 0.5 mM EDTA. 0.1 mM EGTA, 1.0 mM DTT, 0.5 mM 
PMSF. 20 mM p-glycerophosphate, 0.1 mM NajVO.1. and 1.0 ug/ 
ml each of aprotinin. pepstatin. leupepUn) with scraping. The solubi- 
(ized cell homogenate was harvested und centrifuged at IOOOOXj? for 
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30 min at 4*C. and the resultant supernatant was used for further 
analysis. Protein contents wec^determined with the DC Protein Assay 
kit (Bio-Rad). Equal amounts of protein were loaded on 10% SDS 
polyacrylamide gel. Proteins were -separated electrophoreticaily and 
transferred to nitrocellulose membrane (Hybond-C Super: Amersham 
Pharmacia Biotech). The protein-blotted membranes were blocked 
with 5% (w/v) fat-free dry milk in phosphate-buffered saline with 
0.05% Tween 20 (PBS-T) for over-night at 4°C. They were then in- 
cubated for I h at room temperature with anti-phospho p38 MAP 
kinase antibody at l;500 dilution in PBS-T containing 1% bovine 
serum albumin. After washing three times for 5 min with PBS-T 
solution, blots were further incubated for 1 h at room temperature 
with donkey anti-rabbit IgG antibody coupled to horseradish peroxi- 
dase (Amersham Pharmacia Biotech) at 1 :2000 dilution in 5% skim 
milk in PBS-T and washed three times in PBS-T before visualization. 
The phosphorylated p38 MAP kinase was detected by anti-phospho* 
specific p38 MAP kinase antibody by Western blot analysis and de- 
tected by SupcrSignal Substrate Western Blotting (Pierce) for en- 
hanced chemiluminescence. 

2.4. Immune complex kinase assay for p38 MAP kinase activity 
The p38 MAP kinase activity tn RSF cultures was examined ac- 
cording to the method of Livingstone et al. [4]. Briefly, the soluble 
proteins in the cell lysate were immunoprecipitated with anti-p38 
MAP kinase antibody for overnight at 4°C and further incubated 
with protein A Sepharose beads for I h. The beads were washed three 
-times wW^ 

50 raM NaCh 2.5 mM MgCl 2 , .0.1 mM EDTA, 0.05% Triton X). The 
immune complex kinase assay was then performed using CST-ATF-2 
(as a substrate) for 30 min at 30*C in 300 uJ of kinase reaction buffer 
{5 ng/ml of CST-ATF-2. 20 mM HEPES (pH 7.6). 20 mM MgCl 2 , 
20 mM P-glycerophosphate. 2.0 mM DTD containing 200 uM ATP. 
The reaction was terminated with Laemmli SDS-PAGE loading buffer 
and the proteins were boiled for 5 min. Equal amounts of protein 
samples were loaded on 10% SDS-PAGE. The gel was blotted on a 
nitrocellulose membrane (Hybond-C super). After membranes were 
blocked with 5% (w/v) fat-free dry milk in PBS-T for overnight at 
4°C, they were incubated at room temperature for 1 h with phospho- 
ATF-2 antibody at 1:1000 dilution. Then, after washing for three 
times with PBS-T, they were reacted with the secondary antibody, 
donkey anti-rabbit IgG antibody coupled to horseradish peroxidase, 
at 1:2000 dilution. Blots were washed three times in PBS-T before 
visualization using SuperSigna) Substrate Western Blotting. 

2.5. Cytotoxicity assay 

In order to examine the cytotoxicity of SB203580, the cell viability 
of RSF upon treatment with SB203580 at various concentrations of 
this compound was determined using WST-l (Roche Diagnostics) 
according to the manufacturer's protocol. RSF cultures were incu- 
bated with SB2O3580 in a 96 well plate, incubated for 4 h in the 
presence of WST-l, and the dissolved formaxan was measured at 
450 nm by spectrophotometry. 

2.6*. Cytokine assays 

The cytokine concentrations in RSF culture supernatant under var- 
ious conditions were determined using cytokine-speciflc ELISA kits 
for IL-6. IL-8 and VEGF (Biotrak human ELISA kits: Amersham 
Pharmacia Biotech). All the procedures were carried out as recom- 
mended by the manufacturer. Triplicates were used for each test con- 
dition in the three independent cultures. The statistical significances of 
difference in the mean cytokine production were evaluated by the /- . 
test. 

2.7. Immunofluorescence 

In order to determine- subcellular localization of NF-kB. RSF were 
cultured in four well LabTek chamber slides (Nalge Nunc Interna- 
tional) and allowed to adhere for 72 h. Cells were then stimulated 
with 10 ng/ml TNF-a or 20 ng/ml IL-lp with or without pretreatment 
for 1 h with 30 uM SB20358O. Indirect immunofluorescence staining 
using specific anti-NF-cB antibodies was performed as reported [6-8]. 
Briefly, the cells were fixed in PBS containing 4.5% paraformaldehyde 
for 10 min at room temperature and then' permeabilized by 0J% 
Triton X- 1 00 in PBS for 20 min at room temperature. They were 
then incubated with rabbit polyclonal antibody against p65 or p50 
NF-kB subunits (Santa Cruz Biotech) Tor 45 min at 37 # C After wash- 
ing with PBS. the cells were incubated with FITC-conjugated goat 



anti-rabbit (whole IgG) antibody (Cappel Organon Teknika. Durham. 
NC. USA) for 20 min at 37°C. Subcellular localization was deter- 
mined using a fluorescent microscope. 

2.8. Semi-quantitation of ?L-6 and mRNA by reverse 
transcript ion-polymerase chain reaction (RT-PCR) 
Total cellular RNA was prepared from RSF with TRlzol reagent 
(Life Technologies) according to the manufacturer's instructions. Am- 
plification of IL-6. IL-8. and fr-actin mRNA was performed using a 
commercial RT-PCR system (Titan® One Tube RT-PCR System: 
Roche Diagnostics). Gene specific oligonucleotide primers to human 
IL-6, IL-8 and human 0-actin were purchased from CLP. PCR reac- 
tions were performed according to the manufacturer's protocol and 
the products were analyzed following 5, 10. 15. 20. or 30 cycles of 
amplification and were resolved on a 1.5% agarose gel, stained by 
ethidium bromide and visualized under an ultraviolet (UV) light. 



3. Results 

J./. Activation ofp38 MAP kinase by TNF-a during induction 
of JL-6 and IL-8 
TNF-a and IL-ip are known to induce production of var- 
ious cytokines including IL-6 and IL-8 in fibroblasts [6-8]. In 
order to examine the : invbivement ofp38 MAP kinase in in- 
duction of IL-6 and IL-8 by TNF-a or IL-ip, we have exam- 
ined if p38 MAP kinase is activated in RSF cultures. In Fig. 
1A, RSF were treated with TNF-a (10 ng/ml) and the p38 
MAP kinase activity was measured by immune complex ki- 
nase assay using recombinant GST-ATF2 protein as a sub- 
strate. The increase of p38 MAP kinase activity was observed 
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Fig. I. Activation of p38 MAP kinase in the. fresh RSF cultures 
and the effect.of a p38 MAP kinase inhibitor SB203580. A: In vitro 
activation of p38 MAP kinase. RSF were treated with 10 ng/ml of 
TNF-a and p38 MAP kinase activity was measured by immune 
complex kinase assay using recombinant GST-ATF2 protein as a 
substrate (upper panel). The phosphorylated form of p38 MAP ki- 
nase al Thr-180 and Tyr-182 was demonstrated by Western biot 
analysis using a specific antibody against the phosphorylated forr. 
of p38 MAP kinase (lower panel). The same protein samples were 
probed with antibody to ^-tubulin as an interna! control. B: Effects 
. of SB203580 on p38 MAP kinase activity detected by immune com- 
plex kinase assay. RSF were pretreated for 1 b with various concen- 
trations (0.1, 1. 10. 30 uM) of SB203580 and were stimulated with 
10 ng/ml of TNF-a for 30 min. The cell lysate was immunoprecipi- 
tated with anti-p38 MAP kinase antibody and the p38 MAP. kinase 
activity was measured with purified recombinant CST-ATF2 as de- 
scribed in Section 2. 
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p38 MAP kinase {at Thr-180 and Tyr-182). These phosphor- 
ylations on p38 MAP kinase, indicating its activation, became 
detectable after 15 min of TNF-a stimulation and disappeared 
after 60 min, which was consistent with the results of immune 
complex kinase assay (upper panel). Similar results were ob- 
tained when RSF were stimulated with IL-lp (data not 
shown). 

These results establish that the p38 MAP kinase pathway is 
rapidly activated m RSF by the actions of proinflammatory 
cytokine as previously reported with various cell lines [3,10]. 

In Fig. IB, RSF were prctreated for 1 h with SB203580 and 
stimulated with 10 ng/ml of TNF-a for 30 min. Cell lysatcs 
were prepared and subjected to the immune complex kinase 
assay using GST-ATF2 as a substrate. The TNF-a treatment 
stimulated p38 MAP kinase activity. However, prcircatment 
with SB203580 prevented this increase of p38 MAP kinase 
activity in a dose-dependent manner. At 30 U.M SB203580. 
p38 MAP kinase activity was inhibited almost to the basal 
level. 

A _ _ _ 

SB203580 (nM) 0 0 30 0 0 30 
TNF-a (lOng/ml) + + ... 

IL-lp (20ngtaiJ) - - ♦ + 
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Fig. 1 Effects of a SB203580 on the induced production of 1L-6 
and IL-8 in RSF. The levels of \14 and IL-8 were measured by 
EL1SA systems. At least three independent RSF cultures were ex- 
amined and the representative results are shown. The experiments 
were performed in triplicates and the results represent the 
meuntS.D. A: SB203580 (SB) inhibited IL-6 and IL-8 production 
in a dose-dependent manner. Cells were treated- with SB203580 for 
I h prior to stimulation with IL-1P (20 ng/ml) (□) or TNF-a (10 
ng/ral) (■) for 12 h. (Q) means no treatment with TNF-a or IL-tfl. 
Statistical significance: /»<0.05; •• P<0.0\: n.s., not signifi- 
cant. B: Cytotoxicity of SB203580 in RSF cultures. 

as fast as 15 min of stimulation and reached its maximum 
after 30 min by TNF-a treatment (about six fold increase 
by densitometric measurement). Moreover, we demonstrated, 
in the lower panel of Ftg. 1A, that the amount of phosphor- 
ylation form of p38 MAP kinase at Thr-180 and Tyr-182 was 
readily increased as demonstrated by Western blot analysis 
using a specific antibody against the phosphorylated form of 
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Fig. 3. Transcription of IL-6 or IL-8 was not affected by the p38 
MAP kinase inhibitor SB203580. A: The effect of SB203580 on the 
steady-state level of IL-6 and IL-8 mRNA. RSF were pretreated lor 
I h with 30 uM of SB203580 and stimulated for 12 h with 10 ntf/mt 
of TNF-a (left) or 20 ng/ml of IL-ip (right). The J^^. 
mRNA levels for IL-6 and IL-8 were examined by *T4vK- 
The effect of SB203580 on the nudear translocation of NF-kB inoi 
was induced by TNF-a or IL-lp. Indirect uiununofluorescence ™ 
carried out with rabbit polyclonal antibody against WF-***™ or 
p65. The cells were similarly treated with SB203580 and Tnr-» 
IL-lp as in (A). 
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3.2. Suppression of the IL-6 and IL-8 induction by a p3S MAP 
kinase inhibitor SB203530 
In order to evaluate thelffect or p38 MAP kinase on the 
induction of IL-6/IL-8 production by TNF-a or IL-lp, the 
effect of SB203580, a p38 MAP kinase inhibitor, was exam- 
ined. As shown in Fig. 2, RSF cultures were stimulated with 
TNF-a (10 ng/ml) or IL-lp (20 ng/ml), and concentrations of 
IL-6 and IL-8 in the cell culture supernatant were measured 
after 12 h of stimulation. After 12 h of stimulation by TNF-a 
(10 ng/ml), the extents of augmentation were 3 and 26 fold for 
IL-6 and IL-8, respectively. Similarly, after .12 h of stimulation 
by of IL-1P (20 ng/ml), IL-6 and IL-8 production were aug- 
mented by 12 and 75 fold, respectively. When the RSF was 
pretreated with various concentrations of SB203580 (up to 
30uM) for 1 h before the treatment with TNF-a or IL-1P, 
the extents of induction of IL-6 and IL-8 by either TNF-a or 
IL-lp were significantly reduced by SB203580 in a dose-de- 
pendent manner. Similar profiles of suppression were ob- 
served with RSF cultures from other RA patients (data not 
shown). The basal levels of IL-6 and IL-8 production, without 
TNF-a or IL-1P treatment, were not significantly affected. 
For example a* 10 H** SB203580 the IUlB- stimulaied Ik6„ L 
and IL-8 production were inhibited. by 50.8% and 53%, re- 
spectively (both statistically significant, P <0.0l). Similarly, 
the TNF-a-mediated inductions were inhibited by 30.7% 
and 38.5% for IL-6 and IL-8, respectively (P<0.01). In con- 
trast, the concentration of VEGF, known not to be under the 
control of NF-kB, in the supernatant of RSF cultures stimu- 
lated by TNF-a or IL-lp were not significantly reduced. 
Moreover, SB203580 at these concentrations did not show 
significant cytotoxicity (Fig. 2B). These findings indicate that 
a p38 MAP kinase inhibitor SB203580 suppressed the levels of 
IL-6 and IL-8 that were induced by TNF-a or IL-lp at non- 
cytotoxic concentrations. Thus, the effect of p38 MAP kinase 
on IL-6 and IL-8 production appeared to be specific. 

3.3, The lack of evidence that p3S MAP kinase inhibitor acts 
on IL-6 and IL-8 transcription 
Since it was reported previously that p38 MAP kinase is 
involved in gene expression at the post-transcriptional level 
[11,12], we examined the effect of SB203580 on the steady- 
state level of IL-6 and IL-8 mRNA. RSF was pretreated for 1 
h with 30 uM of SB203580, and then TNF-a (10 ng/ml) or IL- 
lp (20 ng/ml) was added for a further 12 h. Total RNA 
samples were prepared from these cells and the steady-state 
mRNA levels for IL-6 and IL-8^ere examined by RT-PCR. 
A series of PCR reactions were monitored for amplification of 
IL-6 and IL-8 mRNA at 5, 10, 15. 20 and 30 cycles of PCR. 
At PCR cycles over 20, there was no difference in intensity of 
the eene-specinc bands. Thus, the results shown in Fig. 3A ; 
represent the amplified band for IL-6 and IL-8. mRNA de-. 
tected at 15 cycles of the RT-PCR. As demonstrated in Fig. 
3A, SB203580 even at the highest concentration (30 uM) did 
not significantly inhibit the induction of IL-6 and IL-8 
mRNA. Since NF-kB is known to play a crucial role in IL- 
6 and IL-8 induction as a positive transcriptional regulator, 
we examined whether SB203580 could affect the nuclear trans- 
location of NF-kB, as an indication of its signal-induced ac- 
tivation, stimulated by TNF-a or IL-ip. To determine the 
subcellular distribution of NF-icB, indirect immunofluores- 
cence was performed with rabbit polyclonal antibody against 
NF-kB subunit p65. As shown in Fig. 3B, p65 was localized in 



the cytoplasm of unstimulated RSF. When the cells were 
stimulated with 10 ng/ml of TNF-a or 20 ng/ml of IL-ip. 
p65 was translocated to the nucleus within 30 min as we 
previously reported (6-8.13]. We further examined whether 
this nuclear translocation could be blocked by SB203580. 
When RSF were pretreated for 1 h with SB203580 (30uM), 
at which concentration the induction of IL-6 and IL-8 pro- 
duction was remarkably suppressed (Fig. 3A), the nuclear 
translocation of NF-kB was not blocked. 

4. Discussion 

Accumulating evidences have incriminated various cyto- 
kines and their interactions in pathophysiology of RA [8]. 
Among these cytokines. TNF-a and IL-lp are considered to 
play crucial roles [6-8]. These notions have been confirmed by 
demonstration of clinicar efficacies of antibodies against TNF- 
a [14,15], IL-6. [16] and IL-1 antagonists [17] in the treatment 
of RA synovitis. Induction of IL-6 and IL-8 by IL-ip or 
TNF-a is mediated by intracellular signal transduction cas- 
cades involving a number of protein kinases. In addition to a 
common kinase pathway involving IkB kinases that lead to 

ancTTNF-a "signaling 
cascades include three distinct types of MAP kinases (p42/p44, 
P54/JNK, and p38) [10,20]. 

We were particularly interested in p38 MAP kinase since 
SB203580 had been initially identified as a potent inhibitor of 
inflammatory cytokine production from THP-1 cells by ran- 
dom screening and p38 MAP kinase was identified as the 
specific target molecule [5]. In fact, previous reports have 
demonstrated that p38 MAP kinase is involved in the induc- 
tion of inflammatory cytokines [5,10,21,22]. 

In this paper we confirmed that in the fresh RSF cultures 
prepared from RA patients either TNF-a or IL-lp could in- 
duce phosphorylation (and activation) of p38 MAP kinase 
within 15 min followed by augmented production of IL-6 
and IL-8 (Fig. I A).. As expected, SB203580 could block p38 
MAP kinase activity and cytokines (IL-6 and IL-8) induction 
in RSF (Figs. IB and 2). Although earlier studies reported 
that p38 MAP kinase appeared to be involved in the nuclear 
translocation (signal-induced activation) of NF-kB and tran- 
scriptional initiation of the genes under the control of NF-kB 
[23,24], we did not see any effect of SB203580 on the NF-kB 
nuclear translocation nor steady-state levels of IL-6 and IL-8 
mRNA even at the highest concentration of SB203580 (Fig. 
3), which was consistent with recent studies by others using 
fibroblast cell lines. 

There are a number of reports regarding the mechanism of 
SB203580 in blocking the induced production of inflamma- 
tory cytokines such as IL-6 and IL-8 by stimulation with 
proinflammatory cytokines, TNF-a or IL-lp [6,25]. However, 
the mechanism of its action is still controversial. For example, 
Beyaert et al. [3] reported that the NF-icB-dependent gene 
expression was inhibited by SB203580 in a mouse fibrosarco- 
ma cell line L929 stably transfected with a NF-KB-dependent 
chloramphenicol acetyl transferase (CAT) plasmid. Yet, 
SB203580 did not affect the TNF-induced DNA-binding of 
NF-kB or phosphorylation of NF-kB or IkB. In contrast. 
Miyazawa et al. [26] showed that SB203580 did not block 
transient expression of luciferase gene under the control of 
IL-6 promoter in a transient assay with synovial fibroblasts. 
They claimed that the effect of SB20358O might be post-trun- 
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scriptional since the transcriptional initiation of the TNF-in- 
duced IL-6 mRNAjevel was not suppressed at all by 
SB203580 in a nuclear run-on assay using the isolated nuclei 
of the TNF-stimulated synovial fibroblasts. Similarly to our 
observations, Caivano [11] and Pietersma et al. [12] reported 
that SB203580 blocked production of inducible nitric oxide 
synthetase and intercellular cell adhesion molecule I, respec- 
tively, without affecting the mRNA levels as observed by RT- 
PCR. 

Our findings together with others demonstrated dearly that 
p38 MAP kinase is involved in the TNF-o> or IL-lp-induced 
production of inflammatory cytokines independently from the 
NF-kB cascade. Many of anti-rheumatic drugs currently used 
for the treatment of RA patients are known to block the NF- 
kB pathway al various steps, such as inhibition of IkB kinases 
by aspirin [27,28] and Sulindac [29] and inhibition of NF-kB 
DNA-binding by gold [7,30]. Thus, use of p38 MAP kinase 
inhibitors such as SB203580 and its derivatives should have 
synergistic, rather than additive, effects in combination with 
conventional anti-rheumatic drugs in blocking the production 
of inflammatory cytokines, cell adhesion molecules and induc- 
ible nitric oxide synthetase that participate in the mainte- 
of rheumatoid ih^aramatibh. It may 
also circumvent side effects of conventional anti-rheumatic 
therapy without losing therapeutic efficacies. 
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ABSTRACT 

SB 203580 [4-(4-fluorophenyI)-2-(4-rnethytsulfinyipheny()-5-(4- 
pyridyQimidazole], a selective cytokine suppressive binding 
protein/p38 kinase inhibitor, was evaluated in several models of 
cytokine inhibition, and inflammatory disease. It was demon- 
strated clearly to be a potent inhibitor of inflammatory cytokine 
production in vivo in both mice and rats with IC.* values of 15 
to 25 mg/kg. SB 203580 possessed therapeutic activity in 
c iiagen-induced arthritis in DBA/LACJ mice with a dose of 50 
mq/kg resulting in significant inhibition of paw inflammation and 
serum amyloid protein levels. Antiarthritic activity was also 
observed in adjuvant-induced arthritis in the Lewis rat when SB 
203580 was administered p.o. at 30 and 60 mg/kg. Evidence 
for disease-modifying activity in this model was indicated by an 
improvement in bone mineral density and by histological eval- 



uation. Additional evidence for beneficial effects on bone re- 
sorption was provided in the fetal rat long bone assay in which 
SB 203580 inhibited ^Ca release with an ICm of 0.6 aiM. In 
keeping with the inhibitory effects on lipopolysaccharide-in- 
duced tumor necrosis factor-a in mice, SB 203580 was found 
to reduce mortality in a murine model of endotoxin-induced 
shock. In immune function studies in mice treated with SB 
203580 (60 mg/kg/day for 2 weeks), there was some suppres- 
sion of an antibody response to ovalbumin, whereas cellular 
immune functions measured ex vivo were unaffected. This 
novel profile of activity strongly suggests that cytokine inhibi- 
tors could provide significant benefit in the therapy of chronic 
inflammatory disease. 



Cytokines such as IL-1 and TNF-a play a predominant role 
during inflammatory responses and autoimmune disease 
(DinareUo, 1991). Evidence for their key participation in 
acute and chronic inflammation has been provided by the 
demonstration that protein antagonists such as IL-lra and 
monoclonal antibodies to TNF-a, and its soluble receptor, can 
interfere with various acute and chronic inflammatory re- 
sponses. Another approach to the control of proinflammatory 
cytokines is to inhibit their production, ideally through the 
use of p.o. active low molecular weight compounds. One class 
of compounds that is effective in this respect is the pyridinyl 
imidazoles which have been shown to inhibit cytokine pro- 
duction in vitro, and in vivo they can attenuate the inflam- 
matory components of disease in the absence of generalized- 



immunosuppression (Griswold et aL, 1988; Lee et aL, 1993; 
Reddy«*oi.,1994). 

SB 203580 (4-(4-fluorophenyl)-2-<4-methylsulfinylphenyl)- 
5-(4-pyridyl)imidazole] (fig. 1) is a member of a new series of 
pyridinyl imidazole compounds which inhibit IL-1 and 
TNF-a production from LPS-stimulated human monocytes 
and the human monocyte cell line THP-l with IC 50 values of 
50 to 100 nM (Lee et al. t 1994a,b; Gallagher et a/., 1995). The 
term CSAID™ has been coined for these compounds and they 
have shown activity in a number of animal models of acute 
and chronic inflammation (Lee et al. t 1993). The molecular 
target of SB 203580 and related compounds has been iden- 
tified as a pair of closely related mitogen-activated protein 
kinase homologs, alternatively termed CSBP (Lee et al, 
1994b), p38 (Han et aL, 1994) or RK (Rouse et aL, 1994). The 
binding of the CSAID™ compounds to the target CSBP in 
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Structure of SB 203580. 



THP.l cytosol correlates with their cytokine biosynthesis 
inhibition (Lee et ai., 1994b), indicating a role for CSBP in 
the production of cytokines in response to various stimuli 
(Lee and Young, 1996). 

Compounds structurally related to SB 203580 have been 
tested previously in a number of animal models for their 
anti-inflammatory activity, including collagen-induced ar- 
thritis (Griswold et al., 1988) and endotoxin shock (Badger et 
al. % 1989; Olivera et al., 1992). These models are relatively 
insensitive to CO inhibitors, which adds credence to the 
cytokine suppressive nature of the CSAID 1 ** molecules. In 
this manuscript, we show that cytokine inhibition with SB 
,203^ 

with only minor effects on immune function. 

Materials and Methods 

Animals. DBA/1 LACJ, BALB/c and C57BL/6 male mice were 
obtained from Jackson Laboratories (Bar Harbor, ME). Male Lewis 
rats were obtained from Charles River Laboratories (Raleigh, NC.) 
Within any given experiment, only animals of the same age were 
used. All experimental procedures were in accordance with National 
Institutes of Health guidelines and were reviewed by the SmithKline 
Beecham Animal Care and Use Committee (King of Prussia, PA). 

Materials. SB 203580 [4^4-fluorophenyl)-2-(4-methyUulnnyl- 
phenyl)-5-(4-pyridyl)inudazole) was synthesized at SmithKline 
Beecham Pharmaceuticals (fig. 1). For in vivo assays, SB 203580 was 
administered p.o. in 0.03 N HQ-0.5% tragacanth (Sigma Chemical 
Co., St Louis, MO) at the doses indicated. RAP was prepared by 
fermentation at SmithKline Beecham Pharmaceuticals (Brockham 
Park, UK). RPMI 1640 was obtained from Flow Laboratories (Rock- 
ville, MD and contained 10% fetal bovine serum, 100 U/ml of peni- 
cillin, 100 fig/ml of streptomycin and 2 mM L-giutamine (GIBCO, 
Grand Island, NY), this medium will be known as RPMI- 10. Con A 
was obtained from Pharmacia Fine Chemicals (Piscataway, NJ). 
Endotoxin (LPS) was either Escherichia coli % type W or Salmonella 
typhosa (Difco Laboratories, Detroit MI) and OVA was from Sigma. 

LPS- induced TNF production in mice and rats. BALB/c male 
mice in groups of three to five were treated with vehicle or compound 
by p.o. gavage and 30 min later the animals were injected i.p. with 25 
^tg/mouse of endotoxin (£. coli, type W, Difco). Two hours later, the 
animal* were euthanized by carbon dioxide asphyxiation and plasma 
was obtained from individual animals by collecting blood into hepa- 
rinized tubes. The samples were clarified by centrifugation at 
12,500 X g for 5 min at 4*C. The supernatants were decanted to new 
tubes (may be stored at -20°C) and were assayed for mouse TNF-a 
by ELISA (Olivera et al. t 1992). The range of sensitivity of the ELISA 
is 25 to 800 pg/ml of mouse TNF-a. For the induction of TNF-a in 
Lewis rats, the animals were treated with SB 203580 30 min before 
the injection of LPS (30 jxg/kg i.p.). TNF-a levels were measured 90 
min later by ELISA. 

Collagen-induced arthritis. Type II collagen arthritis was in- 
duced in male DBA/1 LACJ mice (30-35 g, Jackson Laboratories) by 
the method of Wooley (1988). The mice were primed with an emul- 
sion consisting of CFA (Difco Laboratories) combined with an equal 
volume of a freshly prepared solution of 2.0 mg of collagen type II 
(bovine nasal septum, Elastin Products Co., Inc., Owensville, MO) 



per ml of 0.01 N acetic acid. Extra Mycobacterium butyricum (Difc) 
was added to the CFA to make the concentration twice that present 
in the commercial preparation. The CFA/collagen emulsion was pr*. 
pared by mixing through two connected 20-ml syringes. An ir.irad. 
ermal injection of 0.1 ml of emulsion per mouse was adminis; ..- ^ ai 
the base of the tail. Twenty-one days later, the mice were boosted by 
an i.p. injection of 0.1 ml of freshly prepared 1.0 mg of bcvi^ 
collagen Il/ml of 0.01 N acetic acid per mouse. Joint swelling prts 
sen ted within a few days and the mice were evaluated for incidence 
and severity of inflammation, assigned randomly to study groups, 
ear tagged and the individual mouse's dosing regimen was begun. 
Severity of joint swelling was determined subjectively for each limb 
by using a scale of 1 (one or more phlanges per limb) to 4 (maximum 
swelling per limb). A severity score of at least 2 on one limb (exclud- 
ing phlanges) was required for an animal to be assigned to a study 
group. Before dosing, each mouse was bled by the tail vein for ■ 
serum sample (100-150 ul of blood). Disease severity was assessed 
on days 7 and 10 after which blood was collected (tail vein on day 7 
and by exsanguination on day 10) for serum. The serum samples 
were assayed for mouse SAP by using a radio immunologically quan- 
titated Western blot method (Griswold et al„ 1988). 

Statistical analysis. Clinical severity and levels of SAP and 
TNF-a were analyzed by using the Student's t test, with P values less 
than-.O^ 



AA. AA was induced by a single injection of 0.75 mg of M . bviyri' 
cum (Difco) suspended in paraffin oil into the base of the tail of male 
Lewis rats, 6 to 8 weeks old (160-180 g). Hindpaw volumes were 
measured by a water displacement method on day 16 and/or day 22. 
Test compounds were homogenized in acidified 0.5% tragacanth 
(Sigma) and were administered p.o. in a volume of 10 ml/kg. Control 
animals were administered vehicle (tragacanth) alone. 

Percentage of inhibition of hindpaw lesions was calculated as 
follows: 



% Inhibition = 1 - 



AA (Treated) 
AA (Normal) 



X 100 



For statistical analysis, paw volumes of rats treated with SB 203580 
were compared to the untreated controls by Student's t test 

BMD, as well as BMC and bone area were determined for the 
distal tibia by DXA by using the Hologic QDR-1000 equipped with 
high resolution scanning software as we have described previously 
(Bradbeer etal, 1996). 

Tibio-tarsal joints from representative animals from the following 
three groups of rats were examined histologically, normal ret*. AA 
control rats and AA rats treated with SB 203580 at 60 mgfl: v -ay- 
Rats were sacrificed by CO* administration and the rear legs were 
fixed in formalin, decalcified in formic acid and the feet removed 
from the legs at the distal tibial diaphysis. After routine processing, . 
the feet were embedded and coronal sections were cut in the plane 
midway through the tibiotarsal and tarsotarsal joints. Sections were 
stained with Safranin 0 and counterstained with fast green. 

Bioassay for IL-6. Serum samples were obtained when the rats 
were euthanized. IL-6 levels were determined by using the previ- 
ously described B9 bioassay (Aarden et oi., 1985). Briefly, B9 cells 
(5 x 10* cells/well in 96-well fiat-bottomed plates) were cultu: $ * l 
37°C with serial dilutions of rat serum in a final volume of 100 u\ ° r 
RPMI-10. After 68 hr, 0.5 uCi of [^thynncline was added and was 
incubated for 6 hr at 37°C. Cells were harvested and radioacti^ty 
incorporation was determined. IL-6 was quantified from a standard 
curve including known amounts of rat IL-6 (0.1-100 pg/ml). 69 
proliferation was unaffected by any agents used in this study. 

Fetal rat long bone resorption assay. This assay was pe^ 
formed essentially as described previously (Raisz, 1965; Stern an 
Raisz, 1979). Timed-pregnant Sprague Dawley rats (Taconic Farms, 
Germantown, NY) were injected s.c. with 200 jxCi of 45 CaCl 2 da) 
18 of gestation, housed overnight, then anesthetized with I: • v ^ r " 
Vet (Pittman-Moore, Mundelein, IL) and sacrificed by cervical dtfJO- 
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treated for 5 days a week for 2 weeks with 60 mgteg of SB 203580 or 
50 mgfltg of RAP administered i.p. in a vehicle composed of 10% 
ethanol, 10% cremophor and 80% saline. At the termination of the 
experiment (day 12), spleen and lymph nodes were harvested and 
cell suspensions were prepared by standard procedures. For the 
response to OVA and Con A, lymph node cells (5 x 10 s ) were estab- 
lished in 96- well round bottomed plates in the presence or absence of 
serially diluted Con A or OVA for 72 hr. For the mixed lymphocyte 
reaction, cells from treated BALB/c mice (1 X 10 a ) were established 
in 96-well flat bottomed plates along with C57BU6-irradiated (3000 
R) stimulator cells (1 x 10 s ). Cell cultures were incubated at 37°C/5% 
CO* with 0.5 ,iCi of pHJthymidine added for the last 18 hr of culture. 
Cell-associated radioactivity was measured after collection onto 
glass-fiber filters by scintillation counting. For OVA-specific anti- 
body response, sera from immunized mice were tested for activity by 
ELISA which has been described in detail previously (Reddy et ol., 
1994). 
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Fte. 2. Inhibition of plasma TNF levels in BALB/c mice. SB 203580 was 
acninistered 30 min before LPS challenge and TNF was measured by 
EUSA^ rv latere 

using three to five animals per group. Significant inhibition was ob- 
served at 50, 25 and 12.5 mg/kg (P < .001) with an IC* of 15 mg/kg. 

cation. Fetuses were removed aseptically and radii and ulnae were 
dissected free of surrounding soft tissue and cartilaginous ends. The 
bones were cultured 18 to 24 hr in BGJ b medium (Sigma) containing 
1 mg/ml of bovine serum albumin, then were transferred to fresh 
medium and cultured for an additional 48 hr in the absence or 
p isence of 50 ng/ml of FTH (human, 1-34) and test compound. 
Calcium released into the medium and total residual calcium in the 
bones were measured by liquid scintillation spectrometry. Data are 
expressed as the percentage of calcium released from treated bones 
as compared to corresponding control bones. Statistical differences 
were assessed by using a one-way analysis of variance for nonpaired 
samples. Data are presented as mean - S.E. 

Endotoxin shock. Pathogen-free male C57BL/6 mice were ob- 
tained from Jackson Laboratories. Age-matched mice, 6 to 12 weeks 
old were used. This model of shock was performed as described 
previously (Badger er oi., 1989; Obvera et aL 9 1992). Briefly, 0.1 /ig of 
LPS from Salmonella typhosa (Difco) mixed with D-(+>gal (Sigma: 
500 mg/kg) was injected Lv. in 0.25 ml of pyrogen-free saline (this 
mixture is referred to as LPS/D-gal). Compounds to be tested were 
administered p.o. 30 min before the Lv. injection ofLPS/D-gaL Blood 
was collected via cardiac puncture 1 hr after LPS/D-gal and serum 
samples were stored at -20°C until evaluation for TNF-a by ELISA. 
Survival was monitored, in separate groups of animals, for 48 hr 
after LPS challenge, at which time no farther deaths occurred in 
either treated or untreated control mice. 

Immune function assays. Female BALB/c mice were immu- 
nized with 100 Mg of OVA in 50 id of CFA in both bind footpads (OVA 
was prepared at 4 mg/ml and diluted 1:1 in CFA). Mice were then 



Results 

Inhibition of TNF-a and collagen-induced arthritis 
in mice. Demonstration of the ability of SB 203580 [4-(4- 
nuoraphenyi^ 

zole] to inhibit inflammatory cytokine production in vivo was 
accomplished by using BALB/c mice challenged with LPS (25 
ug Lp.). As seen in figure 2, SB 203580 given p.o. 30 min 
before LPS challenge inhibited the production of TNF-a 
(EDjo, 15 mg/kg p.o.). 

Given the potent ability of SB 203580 to inhibit Wo 
production in vivo, it was of interest to evaluate the effect of 
the compound on a chronic inflammatory model. Collagen- 
induced arthritis was induced in DBA/1 LACJ.mice by injec- 
tion of bovine Type II collagen in CFA at the base of the tail, 
followed 21 days later by a booster injection of collagen sol- 
ubilized in acetic acid (i.p.). Animals with significant disease 
were treated with SB 203580 (50 mg/kg p.o., b.i.d.). At the 
end of 7 days, the disease severity was judged on a scale of 0 
to 4* and blood was obtained for analysis of serum amyloid P 
component As seen in table 1, in two separate studies, SB 
203580 significantly reduced disease severity (72%, P < .01 
and 45%, P < .05, respectively) as well as acute phase reac- 
tant (SAP) levels (42%, P < .05 and 52%, P < .001, respec- 
tively). ^ m . 

Inhibition of TNF-a and AA in rats. TNF-a was also 
inhibited in SB 203580-treated Lewis rats. This was shown 
by treating normal rats with SB 203580 p.o. 30 min before a 
challenge with 30 mg/kg of LPS i.p. Plasma TNF-a levels 
measured 90 min later were inhibited by 53% at 25 mg/kg 
(P < ,01) and by 38% at 12.5 mg/kg (P < .01) with no 
inhibition observed at 6.2 mg/kg (table 2). nAOCQr v 

In the rat model of AA, p.o. administration of SB 203580 



TABLE 1 

Effect of SB 203580 on type II collagen-induced Arthritis In DBA/1 mice oresentad with paw or Joint edenWsweiBng. 

study as fuOy complemented groups. Data am significantly different from the contra, P < .05, P<lQi, r -w „ - 

v, n SAP Z _ 



i fufly c omplemented groups. I 
Treatment n 



s signtficantry < 

Severity Index 



Experiment I 

Control 

SB 203580 
Experiment li 

Control 

SB 203580 



5.86 ± 1.17 
1.63 ± 0.79 



189.89 ±28.29 
110.66 ±17.75 
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TABLE 2 

Inhibition of UPS-stimulated TNF-a levels In SB 203580 Lewis 
rats 

Rats were dosed (p.o.) 30 rrtn before treatment with LPS (30 n&kgA.p.). Plasma 
TNF was measured 90 min after LPS administration. Data are mean = S.E. lor sbt 
animals per group. ' P < .05; - P < .01 . 



Treatment 


TNF-a 


% Inhibition 




ng/ml 




Control (untreated) 
SB 203580 

25 mg/kg 

12.5 mg/kg 

6.25 mg/kg 


42.15 ± 5.05 

19.91 i 2.77 
26.20 ± 4.56 
36.76 ± 3.56 


53~ 
38* 

13 N.S. 



(10, 30 and 60 mg/kg p.o.) from day 0 to day 22 inhibited the 
development of immune-mediated hindpaw inflammation. 
On day 16, there was 86% inhibition at 60 mg/kg (P < .001) 
and 62% inhibition at 30 mg/kg (P < .01), with no effect 
observed at 10 mg/kg (fig. 3A). By day 22, the anti-inflam- 
matory effect had lessened somewhat with 60% (P < .001) 
and 45% (P < .01) inhibition at 60 and 30 mg/kg, respectively 



The anti-inflammatory and antiarthritic activities of SB 




B. 




273 

203580 were evaluated further by examining the BMC and 
BMD of the distal tibia region in treated AA rats. On day 22 
when the rats were euthanized, hindlimbs were examined by 
DXA. When compared with the AA controls, ther*- •■. ns e 
significant normalization of BMD (31%, P < .01) and BMC 
(26%, P < .01) in the rats treated with 60 mg/kg/day of the 
compound, indicating a protective effect on inflammation, 
mediated bone destruction and/or a direct effect on bone 
resorption proximal to the inflamed joint (fig. 4, A and B). 

Histology of the tibio-tarsal joint from a normal rat and 
from rats challenged with adjuvant and then treated with 
vehicle (AA control) or SB 203580 is shown in figure 5. In the 
AA control joint, all of the original bone and marrow has hee n 
replaced by granulation tissue and newly formed woven 
bone. Remnants of articular cartilage are evident and the 



SB 203580 (mg/kg) 

Fig. 3. Dose-dependent suppression of hindpaw inflammation in rats 
with AA by prophylactic administration of SB 203580 from days 0 to 22 
(5 days a week). Paw inflammation was measured on day 16 (A) and on 
day 22 (B). Data are the mean and S.E.M. of 10 animals per group. 
"P < .01; ~P < .001. compared to the untreated AA controls. 
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Rg. 4. Bone Sensltometry evaluation of the distal tibia in AA rats 
treated with SB 203580. Rats were treated with various doses 5 cays 
week from day 0 to day 22. Values are the percentage of norm- 
(assigned a value of 100%), mean and S.E.M. of 10 animals per grw- 
A, the BMD value was 0.2822 2 0.0045 for normal rats and 0.01 
0,0067 for AA rats, which is a 42% decrease in BMD in the d,seas : d 
animals. B, the BMC value was 0.0540 ± 0.0007 for normal rats an 
0 0348 ± 0.001 for AA rats which is a 36% decrease in BMC * ™ 
diseased animals. The effect of SB 203580 was statistically sis* 
on both BMD and BMC. -P < .01. 
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TABLE 3 

Inhibition of serum IL-6 in AA rats treated with SB 203580 

SB 203580 was administered orally 5x a week from day 0 to 22. Serum IL-6 was 

measured on day 23. Data are mean z S.E.for 10 animate per group. - P < .001. 

IL^ % Inhibition 



Treatment 



Control AA rats 

SB 203580 
. 60 mg/kg 
30 mg/kg 
10mg/k9 



no/mi 
1.85 £ 0.10 

1.11 £0.13 
1.43 £0.10 
1.75 £0.07 



40*** 
23~ 
5N.S. 



day) for 22 days. Although a small amount of mfiftratoon and carnage 



foraer joint space has been infiltrated with ^granule t»n tis- 
sue. The joint from the rat treated with SB 203580 shows 
protection of the joint space, articular surfaces and subchon- 
dral bone. Although the tibial metaphyseal cancellous bone 
and marrow have been replaced by granulation tissue, these 
components of the tarsus are normal. This histological ap- 
pearance is consistent with SB 203580 having retarded the 
progression of the adjuvant-induced arthritic 

Serum IL-6 levels in AA rats treated with SB 203580 on 
days 0 to 22 were L measured iin L a ^ hv ^!^^?S 

whereas levels in rats with untreated AA were elevated as 
S i as 1 85 ng/ml. In rats treated with SB 203580, there was 
ES, IL-6 at the 60 mg/kg dose CP < .001) and 
23% inhibition at 30 mg/kg (P < .001) (table 3). 

Fetal rat long bone assay. As studies in the AA rat 
showed clearly that treatment with SB 203580 had d^ease- 
modifying activity and protective effects on both bone and 
cartilage* we examined the effect of the compound m a fetal 
ratloi bone resorption assay. In this assay, osteoclast- 
mediated bone resorption is monitored by measunng the 
release of **Ca into the culture medium from preradiolabeled 
fetal long bones. SB 203580 inhibited resorption in a concern- 
teSoniependentmanner, 3 ^M(85%.P < .001), l^JOft, 
p < .001) and 0.3 &l (38%, P < .05). The IC„ was 0.6 /iM 

^dotoxin shock. The effect of SB 203580 was evaluated 
in a mouse model of endotoxin shock. In this model, C57BL/6 
mice are sensitized with * + )-gal. which niakesthem hgdy 
susceptible to the lethal effects of endotoxm (LPS). One hour 
Se an Lv. injection of LPSto-gaL control mice have serum 
levels of TNF-a up to 4 ng/ml. This is reduced in a dose- 
dependent manner by prophylactic adnumsteation of SB 
203580 given 30 min before the injection of ^ff^ 

of 100, 50 and 25 mg/kg ~ "* "SJlS *<?X) 
levels by 87% (P < .001), 62% (P < .001) and 1 42% (P < ^ 
respectively (table 4). In a separate group of mice ( ^ were 
monitored for survival, 84% of mice treated with the 100 
mg/kg dose of SB 203580 survived compared to only 17* oi 

^u^fonction. In order to determine whether chronic 
administration of a CSAID« molecule such as SB 203580 
haddeteimental (suppressive) effects on the unmune system 
BAlSc mice were immunixed with OVA in CFA and then 
toated for 2 weeks (5 days a week) with 60 mg/kg >.p. of the 



lation tissue, woven bone has not yet rormeu. in«^ c 
the tibial* epiphysis and the tarsus are normal. 
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Rg 6. SB 203580 inhibits FTH -stimulated fetal rat long bone resorp- 
tion in vitro (IC50 = 0.6 /aM). Fetal rat radii and ulnae (four bones per 
treatment per experiment) were cultured in the presence of 50 ng/ml of 
PTH and the Indicated concentrations of SB 203580 for 48 hr as 
described under -Materials and Methods." Each data point represents 
mean and from.teee se^ 

the^ 14% of the incorporated 

45 Ca. In tne presence of PTH, control bones released approximately 
45% of the Incorporated 45 Ca. 

compound or with RAP at 50 mg/kg. The serum antibody 
response of mice treated with RAP was suppressed totally by 
this treatment and there was a significant reduction in the 
anti-OVA serum antibody titer in mice treated with SB 
203580 (fig. 7A). However, when lymph node cells from 
treated mice were examined for their response to the specific 
OVA antigen or to the mitogen Con A, no inhibition of pro- 
liferation was observed (fig. 7, B and C). Neither was there 
any inhibition of an allogeneic response in a mixed lympho- 
cyte reaction between spleen cells from treated mice and 
C57BL/6 stimulator (3000 R) cells (fig. 7D), In all cases, the 
lymphocyte responses of RAP-treated mice were suppressed 
dramatically. 

Discussion 

The pyridinyl imidazoles are a novel class of compounds 
that have potent inhibitory effects on cytokine production 
both in vitro and in vivo, and also show anti-inflammatory 
activity in a variety of animal models (reviewed in Lee et at, 

1993) . An early compound in "this series, SK&F 86002, had 
cytokine suppressive activity (IC 60( 1 mM) (Lee et at, 1993), 
but no significant antiproliferative activity (Reddy et at, 

1994) . In addition to cytokine suppressive activity, SK&F 
86002 and many structurally related analogs inhibited eico- 



Vo/. 27B 

sanoid metabolism in LO and CO enzyme assays (Griswold er " 
oZ., 1987). In keeping with this profile of both cytokine and 
eicosanoid inhibition, SK&F 86002 and related compounds 
showed therapeutic activity in mouse collagen-induce ar- 
thritis (Griswold et at, 1988) and carageenan-induced uj. 
flammation (Lee et at, 1993), as well as analgesic activity ^ 
mouse abdominal constriction assays (Lee et at, 1993). These 
activities, however, could not totally be attributed to LO/C0 
inhibition and the compounds clearly did not act as classical 
nonsteroidal anti-inflammatory drugs. Evidence for this was 
their activity in assays and models relatively insensitive to 
CO inhibition such as collagen-induced arthritis (Griswold et 
at, 1988), the fetal rat long bone resorption assay (Votta and 
Bertolini, 1994) and mouse models of endotoxin shock (Bad- 
ger et at, 1989; Olivera et at, 1992). 

In studies designed to define the mechanism of cytokine 
suppression by the pyridinyl imidazoles, it was revealed that 
inhibition of TNF-a synthesis was primarily at the transla- 
tions! rather than the transcriptional level (Lee et at, 1990; 
Young er al. , 1993), and that a block occurred before nascent 
peptide elongation (Young et at, 1993; Pnchett et at, 1995; P. 
R: Y^ 

THP.l cells, radiolabeled chemical probes for radioligand 
bin ding assays and pbotoaffinity labeling experiments have 
identified the molecular target of these compounds to be a 
pair of closely related mitogen-activated protein kinase ho- 
mologs termed CSBPs (Lee et oi., 1994b). CSBP, alterna- 
tively termed p38 or RK, has subsequently been identified 
independently by several laboratories (Lee et at , 1994b; Han 
et at, 1994; Rouse et oi., 1994). 

Inhibition of CSBP kinase activity by these compounds 
correlates with cytokine inhibition and THP.l cytosol jad- 
ing assays (Lee et oi., 1994b). SB 203580 [4r(4-fluorophenyl)- 
2-<4-methylsulfinylphenylW a newer 

member of the pyridinyl imidazoles, is the best studied com- 
pound and has an IC50 of 0.22 as a CSBP inhibitor 
(Cuenda et oi. , 1995; Gallagher et oi., 1995; T. F. Gallagher el 
oi., in press, 1996). The compound is highly specific for CSBP 
kinase with no inhibitory activity observed on a variety or 
other kinases (Cuenda et at, 1995). A physiological substrate 
of CSBP is MAPKAP kinase-2, and SB 203580 inUbfcr- :he 
activation of this kinase and its subsequent phosphorylation 
ofhsp 27 in stress-stimulated cells (Oxendaef at, 1995). In^ 
vitro monocyte cultures, SB 203580 inhibits H^l and TNF-* 
from LPS-stimulated human monocytes (IC50, 50-100 nM) 
as well as the production of leukotriene B 4 from calcium 
ionophore (A23187)-stimulated human monocytes (IC.*, 
fiM) CM D. Chabot-Fletcher, unpublished observations), 
HL-60 cells, SB 203580 had little effect on the LO pathway, 
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but potently inhibited prostaglandin E 2 synthesis. SB 
203580, however, had no direct inhibitory activity on pitu- 
itary growth hormone Synthase-1 and only modest inhibitory 
activity on LO (LC^ 58 jaM). The involvement of CSBP in the 
regulation of arachidonic acid availability, which is the rate 
limiting step for both LO and CO production, provides one 
mechanism which may explain these observations. In plate- 
lets, CSBP mediates the activation of cytosolic phospholipase 
by phosphorylation of cytosolic phospholipase in re- 
sponse to a thrombin agonist peptide (Kramer et ai. t 1995). 
This activation was correlated with the subsequent release of 
arachidonic acid and formation of CO products. The observa- 
tion that SB 203580 inhibits the synthesis of the inducible 
COX-2 enzyme provides an additional mechanism by which 
CSBP can regulate prostanoid synthesis (Lee et a/., 1994a). 



In the studies reported in this paper, we have profiled SB 
203580 in a number of pharmacological models both in vitro 
and in vivo and demonstrated its activity in a wide varietyof 
TNF-a-mediated animal models. SB 203580 inhibited LPS- 
induced TNF-a in vivo in both mice and rats with IC50 values 
of 15 and 25 mg/kg, respectively. This inhibition of TNT-a 
was an indication that disease models such as mouse collag- 
en-induced arthritis and rat adjuvant arthritis would be pos- 
itively modulated by the compound. This was indeed the case 
and in collagen-induced disease in DBA/1 LACJ mice, SB 
203580 dosed for 7 days at 50 nig/kg p.o. (bi.d.) reduced joint 
edema by 72 and 45% in two separate experiments. SAP. an 
acute inflammatory protein in mice, was also inhibited by 42 
and 52%, respectively, in the two experiments. Evidence for 
the critical role of endogenous TNF-a in this disease model 
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has been provided by the observations that administration of 
anti-TNF-a antibodies-can ameliorate the disease (Piguet et 
aL % 1992; Thorbecke et ai., 1992; Williams et al, 1992) and 
that TNF-a transgenic mice spontaneously develop arthritis 
(Kefferetoi., 1991). 

TNF-a clearly plays a proinflammatory role in another 
animal model of RA, the AA rat, in which elevated levels have 
been observed in the plasma and joints (DiMartino et al., 
1993; Smith-Oliver et al., 1993). In this disease model, SB 
203580 was very effective in reducing paw inflammation at 
doses of 30 and 60 mg/kg/day with optimum inhibition ob- 
served at 60 mg/kg/day (86% inhibition on day 16). Evidence 
for the protection of joint integrity at this dose was provided 
by the observation that there was a normalization, of BMD 
(31%) and BMC (26%) as measured by DXA. This was also 
reflected in the histological evaluation of the affected joints, 
in which a clear beneficial effect was observed on both bone 
and cartilage. In keeping with the compound's disease-mod- 
ifying activity, our studies also demonstrated that serum 
levels of IL-6 were reduced in treated rats. This cytokine has 
been shown to be increased in different biological fluids in 
patients with .autoimmuuei d 

siau et cJ., 1988; Swaak et al., 1988; Hirano et a/., 1988), and 
the level in various inflammatory compartments appears to 
be a sensitive marker of disease activity. 

The protection of bone integrity in the AA rat led us to 
evaluate SB 203580 in a direct in vitro assay of bone resorp- 
tion, the fetal rat long bone assay. Cytokines such as IL-1 and 
TNF-a have been shown to stimulate bone resorption in vitro 
and in vivo (Gowen and Mundy, 1986; Bertolini et al., 1986; 
Tasmjian et al., 1987; Sabatini et a/., 1988), and it was 
reasonable to expect that a CSAID™ molecule would have a 
protective effect in this model system. SB 203580 dose-de- 
pendently (IC 50 , 0.6 j*M) inhibited PTH-stimulated bone re- 
sorption. Although the precise mechanism of action of the 
compound (and other pyridinyl imidazoles) on bone resorp- 
tion has not been denned fully, it appears to be related to the 
compound's cytokine suppressive properties as selective CO, 
and dual CO/LO inhibitors were inactive in this organ cul- 
ture system (Votta and Bertolini, 1994). 

Another animal model in which TNF-a has been shown to 
play a predominant role is that of endotozin-induced shock. 
We demonstrated previously that SK&F 86002, a dual inhib- 
itor of arachidonic acid metabolism as well as a cytokine 
inhibitor, could reduce serum TNF-a levels and prolong sur- 
vival in mouse shock models (Badger et ai., 1988). In addi- 
tion, we were able to demonstrate that antibodies to mouse 
TNF-a could protect mice against endotozin-induced shock in 
mice that were sensitized with Proprionibacterium acnes 
(Badger et ai., 1989). SB 203580, a more selective cytokine 
inhibitor with reduced inhibitory activity on LO and CO, 
reduced serum TNF-a in LPS/d- gal-sensitized mice and im- 
proved their survival at high doses. 

It is clear that SB 203580 is a potent inhibitor of IL-1 and 
TNF-a in vitro and that it is pharmacologically active in a 
number of animal models in vivo. The question of whether 
such a potent cytokine inhibitor would be immunosuppres- 
sive as well as having anti-inflammatory activity has been 
addressed by examining its activity in vivo in mice immu- 
nized with OVA. Apart from partial inhibition of specific 
antibody levels against OVA, there was no suppression of 
OVA-specific T-cell proliferation, an allogeneic response or of 



mitogen (Con AKinduced proliferative responses. These 
suits and those reported previously with the dual inhibitor^ 
arachidonic acid metabolism, SK&F 86002 (Lee et a/., jog!!; 
Reddy et al., 1994), show clearly that these compound* \ - . no j 
have overt immunosuppressive activity. 

Mechanistically, it is not clear at the present time to what 
extent the beneficial effects of SB 203580 are due to supp re t. 
sion of TNF-a production or suppression of cytokine signal 
ing. Given that SB 203580 has been shown, at least in vitn 
to be effective in inhibiting cytokine signaling leading to 
either cytokine production or other downstream effects, it is 
safe to assume that in vivo, the compound may induce its 
antiarthritic activity via both the inhibition of cytokine pro- 
duction and action. As an in vitro example, SB 20358c has 
been shown to block IL-6 production in L929 cells stimulated 
with TNF-a (Beyaert et al. t 1996). 

The pharmacological profile that we have described here 
for SB 203580, a potent CSBP/p38 kinase inhibitor, would 
appear to be one that would be desirable for an antiarthritic 
therapeutic agent Despite numerous attempts over the 
years to design drugs with therapeutic potential for RA, 
there is sti^ 

ments to control the progression of this disease. Most thera- 
pies, although supplying symptomatic relief, do not alter the 
progression of bone and cartilage destruction in the affected 
joints. In recent years, it has become clear that a multitude of 
cytokines contribute to the overall inflammatory and bone 
destrv ive sequelae that occur in RA, and that targeting one 
or more of these cytokines could modulate the disease (Arend 
and Dayer, 1955; Elliott and Maini, 1995). TNF-a has 
emerged as a cytokine of pivotal importance in the disease 
process and inhibition of the production and/or effects of his 
cytokine is a rational therapeutic strategy (Feldmann et ai, 
1994; Brennan et al., 1995). Indeed, ongoing studies are 
demonstrating the efficacy of treatment of RA with monoclo- 
nal antibodies to TNF-a in RA patients (Elliott et ai., 1993; 
Maini et al., 1995). A small molecular weight orally active 
cytokine inhibitor with the pharmacological profile described 
in this manuscript could well provide significant beneficial 
effects in this disease. 
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DISEASE-MODIFYING ACTIVITY OF SB 242235, A SELECTIVE 
INHIBITOR OF p38 MITOGEN- ACTTV ATED PROTEIN KINASE, 
IN RAT ADJUVANT-INDUCED- ARTHRITIS 
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Objective. To evaluate the effects of SB 242235, a 
potent and selective inhibitor of p38 raitogen-activated 

adjuvant-induced arthritis (AIA). 

Methods. Male Lewis rats with AIA were orally 
treated either prophylactically (days 0-20) or therapeu- 
tically (days 10-20) with SB 242235. Efficacy was deter- 
mined by measurements of paw inflammation, dual- 
energy x-ray absorptiometry for bone mineral density 
(BMD), magnetic resonance imaging (MRT), micro- 
computed tomography (CD, and histologic evaluation. 
Serum tumor necrosis factor a (TNFa) in normal 
(non-AIA) rats and serum lnterieukin-6 (JL-6) levels in 
rats with AIA were measured as markers of the antiin- 
flammatory effects of the compound. 

Results. SB 242235 inhibited llpopolysaccharide- 
stimulated serum levels of TNFa in normal rats, with a 
median effective dose of 3.99 mg/kg. When SB 242235 
was administered to AIA rats prophylactically on days 
0-20, it inhibited paw edema at 30 mg/kg and 10 mg/kg 
per day by 56% and 33%, respectively. Therapeutic 
administration on days 10-20 was also effective, and 
inhibition of paw edema was observed at 60, 30, and 10 
mg/kg (73%, 51%, and 19%, .respectively). Significant 
improvement in joint integrity was demonstrated by 
showing normalization of BMD and also by MRI and 
micro-CT analysis. Protection of bone, cartilage, and 
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soft tissues was also shown histologically. Serum JX-6 
levels were decreased in AIA rats treated with the 60 
mg/kg:dose of wmp^undy ; ^ 

Conclusion. Symptoms of AIA in rats were signif- 
icantly reduced by both prophylactic and therapeutic 
treatment with the p38 MAP kinase inhibitor, SB 
242235. Results from measurements of paw inflamma- 
tion, assessment of BMD, MRI, and micro-CT indicate 
that this compound exerts a protective effect on joint 
Integrity, and thus appears to have disease-modifying 
properties. 

SB 242235 is a new member of the pyridinyl 
imidazole class of compounds that has exhibited potent 
antiinflammatory activity (1-3). Early compounds in this 
class-exerted this activity via inhibition of cyclooxygen- 
ase, 5-lipoxygenase, and proinflammatory cytokine bio- 
synthesis (1). Inhibition of cytokine synthesis, however, 
has now been established as the primary pharmacologic 
action and is unrelated to the ability of the compounds 
to inhibit eicosanoids (4,5). Proinflammatory cytokines 
such as interleukin-1 (IL-1) and tumor necrosis factor a 
(TNFa) have been shown to play an important role in 
the pathogenesis of rheumatoid arthritis (RA), including 
inflammation (6-8), up-regulation of nitric oxide (9) and 
metalloproteinases (10), and bone resorption (11). The 
production of these cytokines from lipopolysacchande 
(LPSV-stimulated human monocytes and from the hu- 
man monocyte cell line THP-1 is inhibited by the 
pyridinyl imidazoles, with a 50% inhibition concentra- 
tion (IC<o) of 50-100 nAf (12,13). , 

Recent evidence that cytokines play a key role in 
acute and chronic inflammation has been provided by 
the demonstration that protein antagonists, such as IL-1 
receptor antagonist and monoclonal antibodies to TNFa 
and its soluble receptor, can interfere with various acute 
and chronic inflammatory responses and are clinically 



176 



BADGER ET AL 



efficacious in RA (14,15)7 However, the need for orally 
active, small molecular weight compounds that would 
have the same effect as protein agents in inflammatory 
diseases is considerable. 

SB 242235 and related compounds have been 
named cytokine-suppressive antiinflammatory drugs 
(CSABDs), and the molecular target has been identified 
as the mitogen-activated protein (MAP) kinase homolog 
termed CSAID-binding protein 2 (CSBP2) (12), p38 
(16), or RK (17,18). The binding of these compounds to 
the target CSBP/p38 protein in THP-1 cytosol and the 
inhibition of kinase activity for this recombinant protein 
has been correlated to their inhibition of cytokine bio- 
synthesis (12,13), indicating a role for p38 in the regu- 
lation of cytokine production in response to various 
stimuli (19). Compounds structurally related to SB 
242235 have been shown to attenuate the inflammatory 
components of disease m 

acute and chronic inflammation in the absence of gen- 
eralized immunosuppression (1,20,21) (examples in- 
clude collagen-induced arthritis [2], adjuvant-induced 
arthritis [AIA] [20], and endotoxin shock [22,23]). In 
addition, inhibition of nitric oxide from BL-l-stimulated 
bovine cartilage and chondrocytes by the pyridinyl imi- 
dazole SB 203580 has recently been described (24). 

SB 242235, when tested against a panel of repre- 
sentative protein kinases, shows a superior kinase selec- 
tivity profile in comparison with SB 203580. As reviewed 
by Lee et al (25), SB 203580 inhibits p38 isoform a with 
an ICjq of 48 nM (26) and p380 with an IQ 0 of 50 nM 
(27), as well as JNK201 (ICso 280 nM) and c-raf (IC^ 
360 nM) (28). However, SB 242235 is selective in that it 
does not inhibitERK and JNK (up to 10 fiM), which are 
structurally most related to p38 MAP kinase. 

In this report, we have demonstrated significant 
antiinflammatory activity with SB 242235 in rats with 
AIA This compound is a highly selective p38 inhibitor, 
which, unlike the earlier p38 inhibitor SB 203580 (29), 
has no direct effects on 5-lipoxygenase or cydo- 
oxygenase-1 (Griswoid D: unpublished observations). 
We have extended our previous findings in this animal 
model, in which we used SB 203580 (20), by examining 
the efficacy of SB 242235 when administered therapeu- 
tically as well as prophylactically to the AIA rat, a 
protocol reflecting the treatment of RA In addition, we 
have utilized the advanced technology of magnetic res- 
onance imaging (MRI) and micro-computed tomo- 
graphy (CT), as well as dual-energy x-ray absorptiometry 
(DEXA) and histology to clearly demonstrate the 
disease-modifying activity that a cytokine inhibitor of 
this compound class can have in an aggressive model of 



inflammatory disease. The effects observed in this rat 
model of arthritis indicated that treatment with small 
molecular weight, cytokine-suppressive agents may wel] 
have beneficial effects in RA 

MATERIALS AND METHODS 

Animals. Inbred male Lewis rats were obtained from 
Charles River Breeding Laboratories (Raleigh, NQ.- Within 
any given experiment, only animals of the same age were used 
All experimental procedures were in accordance with- proto- 
cols approved by the SmithKline Beech am Institutional Ani- 
mal Care and Use Committee, and met or exceeded the 
standards of the American Association for the Accreditation of 
Laboratory Animal Care, the United States Department of 
Health and Human Services, and all local and federal animal 
welfare. laws. 

Materials. SB 242235 was synthesized at SmithKline 
Beecham .(Philadelphia, PA)* For in- vivo experiments; SB 
242235 was administered orally in 0.03N HQ-Oil % tragacanth 
(Sigma, St Louis, MO). Indomethacin was from Sigma. 

LPS-induced TNFa production. Normal (non-AIA) 
rats were orally administered SB 242235 in acidified tragacanth 
at various times prior to challenge with LPS (3.0 mg/kg 
intraperitoneally). Ninety minutes later, the animals, were 
killed by C0 2 inhalation, and blood samples were collected by 
cardiac puncture into heparinized tubes and stored on ice. The 
blood samples were centrifuged and the plasma collected and 
stored at -20°C until assayed for TNFa by specific enzyme- 
linked immunosorbent assay (EUSA) (23). 

ET ISA method. TNFa levels were measured using a 
sandwich ELISA, which utilized a hamster monoclonal anti- 
ra urine TNFa (Genzyme, Cambridge, MA) as the capture 
antibody and a polyclonal rabbit anti-murine TNFa (Gen- 
zyme) as the secondary antibody. For detection, a peroxidase- 
conjugated goat anti-rabbit antibody (Pierce, Rockford, EL) 
was added, followed by a substrate for peroxidase. TNFa levels 
in the plasma samples from each animal were calculated from 
a standard curve generated with recombinant murine TNFa 
(Genzyme). 

Induction of arthritis. AIA was induced by a single 
injection of 0.75 mg of Mycobacterium butyricum (Difco, 
Detroit, MI) suspended in paraffin oil, into the base of the tall 
of male Lewis rats ages 6-8 weeks (weights 160-180 gm). 
Hindpaw volumes were measured by a water displacement 
method on day 16 and/or day 20 (30). Test compounds were 
homogenized in acidified 0 JS% tragacanth (Sigma) and admin- 
istered orally in a volume of 10 ml/kg. Control AIA animals 
were administered vehicle (tragacanth) alone. Two dosing 
protocols were used: prophylactic dosing (3, 10, and 30 mg/kg/ 
day) initiated on the day of adjuvant injection, and therapeutic 
administration (10, 30, and 60 rag/kg/day) initiated on day 10. 
Indomethacin was included as a positive control (0.3 mg/kg 
prophylactically and 0.5 mg/kg therapeutically). 

Change in paw volume is presented as the mean and 
SEM of 10-12 animals per group, and the percentage inhibi- 
tion of hindpaw edema was calculated as follows: 

f AIA (treated) 1 
• * Inhibition - ! - [-^^ J x 100, 
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where A1A (treated) and AIA (control) represent the mean 
oaw volume (in ml) (minus the value in the normal non-AIA 
control) in rats treated with SB 242235 and rats treated with 
vehicle alone, respectively. For statistical analysis, paw volumes 
of rats treated with SB 242235 were compared with those of the 
untreated AIA. controls by Student's f-test 

Bone mineral density (BMD) measurement Animals 
were killed on day 21 and the hindlimbs removed and fixed in 
70% ethanol. BMD of the distal tibia was determined by 
DEXA using the.Hologic QDR-1000 equipped with high- 
resolution scanning software (Hologic, Waltham MA). Qual- 
ity control of the instrument was carried out each day pnor to 
sample analysis by scanning both a human anthropomorphic 
spine phantom now resolution) and the lumbar portion of a rat 
spine (high resolution), both of which were embedded in 
methy toethacrylate. All high-resolution scans were earned out 
with the sample placed on top of an acrylic block, 1-5 inches 
deep. Thex-ray beam was collimated to adiameterof 1.27 mm, 
and line spacing and point resolution were 0.25 mm and 0.127 
.-mmi-respJctive^ 

excised bones stored in 70% ethanol in a square plastic 
container. The depth of the liquid was constant for all samples 
and sufficient to cover the limbs by -03 inches. 

BMD as well as bone mineral content (BMC) ana 
bone area, were determined for the distal tibia. The region of 
interest was defined as the area between a line drawn paraUel 
to the proximal edge of the calcaneus and a second line drawn 
perpendicular to the long axis of the tibia midway between the 
firsTline and the point where the tibia meets the fibula. The 
point of connection between the fibula and tibia had to be 
Kxknated in some samples with low BMD. The width of 
the region of interest was kept constant between samples. 

Magnetic resonance imaging. All MRI studies were 
carried out on a 9.4-Tesla AMX spectrometer with micro- 
imaging accessories (Broker Instruments, Bulerica, MA). 
Coronal sections (250 m thick) of »t jtibiotarsd jomts were _ 
taaged with an to-plane resolution of 70 x 70 ^ A tune to 
recovery of 1 second and an echo time of 7 J ms were used, 
wkh adata matrix of 256 X 256. The morphologic changes in 
tide joint architecture of the AIA control rats were compared 
with those in the normal, non-AIA controls and AIA rats 
treated with SB 242235. The joints were graded as the percent- 
age of joints with no protection (i.e„ severe .hsease, similar to 
AIA controls), moderate protection, or significant protection 
(Le., similar to normal, non-AIA control ammals). 
1 Micro-CT imaging. AH x-ray mkro-CT images of the 
intact rat ankle joints were obtained or , . ™^J^« 
fScanco Medical, Auenring, Switzerland). A total of 380 shces 
Ktog a length of 119 mm (34 ^m thick), with an in-phne 
SutioJ of 34 X 34 fun and an integration time of 80 
ms/projection, yielding a total imaging time of 5 hours, were 
S«edfrom each joint. The raw mkro-CT images were 
Suss filtered (sigma = 1.2, base » 2) and binanzed using a 
constant threshold for all the samples. Only the region around 
the tibiotarsal joint was rendered for 3-dimensional display. 

Histology. Tibiotarsal joints from randomly selected 
animals from the Mowing 3 groups of rats, were examined 
histologically: normal, non-AIA rats, AIA control raB, or AIA 
ntt iStXally with SB 242235 at 60 mg/kg/day Rats were 
killed on day 21 by CO, administration, and 1 then the bmd legs 
were fixed in formalin and decalcified in Cal-Rite (Richard- 



Table 1. Determination of optimal pretreatment time for Inhibition 
of LPS-indueed TNFo production in rats by SB 242235' 



Treatment 



Pretreatment 
time, hours 



TNFo, pg/ml Inhibition, % 



Vehicle 
SB 242235 



37.182 4 2,791 
11,236 £1,927 
6387 £1397 
4^18 £ 428 
2375 £ 449 



70t 
81t 
88t 
94t 



• A single dose of SB 242235 (15 mg/kg) or vehicle (0.5% tragacanth 
in 0.03N HO) was given orally to normal rats at various times prior to 
challenge with lipopolysaecharide (LPS; 3 mg/kg intxapentoneally). 
Ninety minutes later, the animals were lolled and plasma collected. 
Tumor necrosis factor (TNFo) levels were determined by specific 
enzyme-linked immunosorbent assay, and the results are expressed as 
the mean £ SEM of 6 rats per group, 
t P < 0.001 versus treatment with vehicle alone. 



Allen Scientific, Kalamazoo, MI) and the feet were removed 
from the legs at the distal tibial diaphysis. After routine 
processing, the feet were embedded and coronal sections were 
cut in the plane midway through the tibiotarsal and tarsotaisal 
joints. Sections were stained with Safranto O and counter- 
stained with fast green. 

Bioassay for IL-6. Serum samples were collected from 
the rats on day 21 following C0 2 administration. IL-6 levels 
were determined using the previously described B9 bioassay 
f311 Briefly B9 cells (5 X HP cells/well in 96-welL flat-bottom 
otatesl were cultured with serial dilutions of rat serum in a 
final volume of 100 ui of RPMI 1640 (Row Laboratories. 
Rockville, MD) containing 10% fetal bovine serum, 100 
units/ml penicillin. 100 jig/ml streptomycin, and 2 mM 
L-glutarnine (Grand Island Biological, Grand Island, NY). 
After 68 hours, 03 nCx of s H-thymidine was added to each 
--well and the plates incubated for 6 hours at 37°C Cells were 
harvested and the radioactivity incorporated was determined. 
IL-6 was quantitated from a standard curve including known 
amounts of rat IL-6 (0.1-100 pg/ml). B9 proliferation was 
unaffected by any agents used in this study. 

RESULTS 

Inhibition of TNFa in normal rats. To determine 
an optimal pretreatment time for inhibition of LPS- 
induced TNFa production in vivo, SB 242235 at a dose 
of 15 mg/kg was administered orally to normal rats at 
various times (4, 3, 2, and 1 hours) prior to LPS 
challenge (3 mg/kg, intraperitoneally). TNFa production 
was inhibited significantly (? < 0.001 versus 'treatment 
withvebicle alone) at all time points (70%, 81%, 88%, 
and 94% inhibition, respectively) (Table 1). A ^median 
effective dose.<ED 50 ) was determined for SB 242235 m 
rats at a pretreatment time of 2 hours. SB 242235 at 
doses of 10, 5. and IS mg/kg, administered orally in 
normal rats, significantly inhibited the LPS-induced pro- 
lZon STtSa{BO% \p < 0.001], 68% [P < 0.001], 
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Table 2. Inhibition of LPS- induced TKFa production in nonna) rats 
by SB 242235* . • ■ 



Treatment 


Oral dose, 
mg/kg 


TNFa, pg/ml 


Inhibition, % 


Vehicle 




70,661 ± 6322 




SB 242235 


10 


13^33^3,027 


80t 




5 


22^16 i 7,688 


68? . 




2.5 


51,111 £ 7318 


28* 



* A single dose of compound or vehicle (0.5% tragacanth with 0.03N 
HQ) was given orally 2 hours prior to challenge with lipoporysaccha- 
ride (LPS; 3 mg/kg intraperitoneauy). Ninety minutes later, the 
animals were killed and plasma collected. Tumor necrosis factor a 
(TNFa) levels were determined by specific enzyme-linked immunosor- 
bent assay, and the results are expressed as the mean ± SEM of 6 rats 
per group. The median effective dose was calculated, by linear 
regression analysis, to be 3.99 mg/kg, orally, with 95% confidence 
limits of Z19-5.8Z 

t P < 0.001 versus treatment with vehicle alone. 
t P < 0.05 versus treatment with vehicle alone. 



and 28% [P < 0.05] inhibition, respectively, versus 
treatment with vehicle alone) (Table 2). 

Effect of prophylactic and therapeutic treatment 
with SB 242235 in AIA rats. Paw inflammation. The 
effect of SB 242235 was evaluated using the prophylactic 
dosing protocol, in which the compound was adminis- 
tered to male Lewis rats starting on the day of adjuvant 
injection. SB 242235 was administered in acidified tra- 
gacanth on a daily basis, and paw inflammation was 
measured on day 20. On day 21 the animals were killed 
and the hindlimbs were taken for measurement of BMD 
and for MRI. The data in Table 3 show that SB 242235 
effectively inhibited paw edema in the AIA rat, with an 



Table 3. Inhibition of paw edema in rats with adjuvant-induced 
arthritis (AIA) by SB 242235' 



Oral dose, 

Treatment group mg/kg Paw volume, ml Inhibition, % 



Normal, non-AlA 




1.56 




0.03 




Vehicle-treated AIA 




330 


± 


0.18 




control* 












SB 242235-treated AIA 


30 


'133 




0.12 


56f 




10 


172 




0.19 


33* 




3 


Z95 




0.29 


20§ 


Indomethadn-treated 


03 


2,4$ 




0.14 


47f 


AIA 













• AIA was induced by an injection of 0.75 mg of Mycobacterium 
butyricum in paraffin oil (Freund's complete adjuvant) into the base of 
the tail of male Lewis rats. AIA rats were treated prophylacrically with 
SB 242235 on days 0-20, and hindpaw volumes (mean ± SEM of 10 
rats per group) were measured by water displacement on day 20. 
t P < 0.001 versus vehicle-treated AIA controls. 
%P < 0.01 versus vehicle-treated AIA controls, 
§ P not significant versus vehicle-treated AIA controls. 




SB 242235 (mg/kg) 0.5 mg/kg 

Figure 1. Therapeutic activity of SB 242235 on paw edema in 
adjuvant-induced arthritis (AIA) in Lewis rats. Rats were treated with 

SS~2*2^ : ft 

with vehicle alone (AIA controls) from day 10 to day 20, and paw 
edema was measured prior to frilling of rats on day 21. Values are the 
mean - SEM of 12 rats per group (with inhibition expressed as a 
percentage of AIA controls). • ♦ ■> P < 0.01 and * * * «• JL < 0.001 
versus AIA controls, ns « not significant; Indo ° indomethacin. 



ED 50 of -30 mg/kg and a minimal effective dose of 10 
mg/kg. 

SB 242235 was also tested in the AIA rat using a 
therapeutic dosing protocol, which was used to more 
closely represent the treatment of RA in humans. In 
these experiments, rats were immunized with adjuvant 
on day 0 and treated with compound on days 10-20 
(daily). Using this protocol, hindpaw inflammation was 
inhibited by 73% at 60 mg/kg (P < 0.001), by 51% at 30 
mg/kg (? < 0.001), and 19% at 10 mg/kg (P < 0.01) 
compared with treatment with vehicle alone (Figure 1). 
There was no activity at 3 mg/kg. 

Bone mineral density. BMD was determined by 
DEXA using the Hologic QDR-1000 equipped with 
high-resolution scanning software. Scans were made of 
the distal tibia obtained from the animals on day 21. 
BMD, as well as BMC and bone area, were determined. 
Bone integrity of normal control rats was assigned a 
value of 100%, and that of AIA control rats a value of 
0%. Compared with the normal, non-ALA "control rats, 
animals treated prophylactically with 30 mg/kg and 10 
mg/kg of SB 242235 showed a significant normalization 
of BMD and BMC There was 49% (P < 0.001) and 23% 
(? < 0.05) normalization of BMD at the 30 mg/kg and 10 
rag/kg doses, respectively, and a 44% (P < 0.001) and 
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Figure 2. Bone densitometry evaluation of the distal tibia in AU rats 

compound on days 0-20 (prophylactic) or days 10-20 (therapeutic). 
Values are the mean and SEM of 12 rats per group (with changes 
expressed as a percentage of normal controls [assigned a value of 
W0%D. A and B, Bone mineral density (BMD) and bone mineral 
com£ (BMC) of rats treated prophylactic.^ C and D, BMD and 
BMCof rats seated therapeutically. - - P < 0.05. • • - P < 0.01, and 
. ? < aOOl versus normal controls (N). See Figure 1 for other 
definitions. 

28% (? < 0.05) normalization of BMC, respectively, at 
those doses (Figures 2A and B). 

Following therapeutic treatment, in which ani- 
mals were dosed starting on day 10 following adjuvant 
injection and. then dosed daily untfl day 20, there was 
also a significant normalization of BMD and BMC 
There waf53% (P < 0.001) and 32% (P < 0.001) 
normalization of BMD at the 60 mg/kg and 30 mgftg 
doses, respectively, and a 50% (P < 0.001) and 33% 
(P < 0.01) normalization of BMC respectively, at these 
doses (Figures 2C and D). 

Magnetic resonance imaging. The morphologic 
changes in the joint architecture of AIA rats were 
assessed by MRI and compared with those in normal 
(non-AIA.) control rats and in AIA rats treated thera- 
peutically with SB 242235. Ex vivo MR images were 
obtained in the intact left and right tibiotarsal joints 
from normal, non-AIA rats (n - 6), AIA conttol rate 
(n - 12). and AIA rats treated with SB 242235 (30 
mg/kg, n = 10; 60 mg/kg, n = 12) or with indomethacm 
(0.5 mg/kg. n = 10). The images were ranked as showing 
either significant protection (no change from control), 
moderate protection, or no protection observed (similar 
to AIA controls). SB 242235 demonstrated a dose- 
related efficacy, with 60% of the joints being protected 
at 30 mg/kg and 80% being protected at 60 mg/kg 
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SB 242235 (mg/kg) 0.5 mg/kg 
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treated therapeutically with SB 242235 (n -10 at 30 mg/kg; n « 12 at 
60 mg/kg). Data arc the percentage of joints showing moderate, 
significant, or no protection by SB 242235 compared with AIA controls 
(n « 12) or normal controls (n » 6; data not shown), n - 10 AIA rats 
treated with indometbadn at 0.5 mg/kg. See Figure 1 for definitions. 

(Figure 3). In comparison, in the indomethacin-treated 
group, <30% of the joints were protected. 

Figure 4 shows images of joints from 4 rats from 
the control, non-AIA group, from the AIA control 
group, and from the AIA rats treated with SB 242235. 
The joints from the normal rats (Figure 4A) exhibited 
"intact joint architecture. The distal tibia, fibula, and talus, 
were well defined and there was no edema. The joints 
from the AIA control group (Figure 4B) exhibited 




Flpirt 4. Representative coronal magneuc resonance unages of 
ioSml joints from A, normal. non-AIA rats; B, rats with AIA; and C. 

AIA treated with SB 242235 at 60 mg/kg. See Figure 1 for 
definitions. 
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Figure 5. Micro-computed tomography views (coronal md sagittal) 
of rat tibiotarsal joints rendered in representative 3*dimensional 
images. A-C, Coronal views of a tibiotarsal joint from a normal, 
non-AIA rat, an AIA control rat, and an A1A rat treated therapeuti- 
cally with SB 242235 (60 mgfcg), respectively. The distal tibia (DT), 
distal fibula (PF), and the talus (T) can be clearly visualized in the 
Images. SignJtont^OTe-rejajed^ damage can^be seenjnjhe. image _of 
%i jolnTSomtne^SJA control~rat as compared^witElhe jomffrom the 
normal rat, and significant protection is apparent with SB 242235. D-F, 
Sagittal views of the same joints as those shown in A-C Sagittal images 
afford clear visualization of the calcaneus (Q, where a significant 
amount of destruction has taken place. Again, significant protection is 
afforded by treatment with SB 242235. See Figure 1 for other 
definitions. 



significant damage as well as swelling, and there was a 
marked loss in cortical as well as trabecular bone. The 
joints from the SB 242235-treated group (Figure 4C) 
exhibited significant inhibition of damage, and closely 
resembled the joints fromthe normal, non-AIA controls. 

Micro-CT. The micro-CT images afforded a vivid, 
nondestructive visualization of the bone changes that 
occurred over the entire tibiotarsal joint Coronal and 
sagittal views of the joints are shown in Figure 5. Images 
of a normal rat joint (Figures 5A and D) showed intact 
joint architecture as well as normal bone surfaces. The 
various bones that constitute the joint, namely, the distal 
tibia/fibula, talus, and the calcaneus, were clearly re- 
solved. The joint from the AIA control rat (Figures 5B 
and E) showed marked erosion of several bone surfaces, 
especially at the junction of the distal tibia and fibula 
and also along the length of the calcaneus. Degenerative 
changes were also visible on the talus. The images of the 
joint from an AIA rat treated with SB 242235 (Figures 
5C and F) showed the protective effects of the com- 
pound in inhibiting the degenerative changes. Isolated 
regions of bone erosion could be visualized, but the 
integrity of the joint architecture was clearly preserved. 

Histology. For histologic evaluation, randomly 
selected limbs from the controls and treated groups of 



rats were sectioned through the tibiotarsal and tarsotar- 
sal joints and examined for pathologic changes to the 
soft and connective tissues. Photomicrographs of a joipt 
from a normal rat, a rat challenged with adjuvant and 
then treated with vehicle (AIA control), and from AIA 













Figure 6. Photomicrographs of rat tibiotarsal joints. A and B, A 
normal tibiotarsal joint from a non-AIA rat Articular cartilage is 
stained with Safranin O (pink), and other tissues axe stained blue/ 
green. The articulation of the distal tibia and the proximal tarsus runs 
vertically through the center of the image. Note the normal joint 
architecture. C and D, Coronal section of a tibiotarsal joint from a 
vehicle-treated control AIA rat E and F, A tibiotarsal joint from an 
AIA rat administered OS mgfcg/day mdomethacin on days 10-20. 
Compared with the vehicle-treated AIA joint, treatment with indo- 
methacin has limited the severity of the joint destruction. Numerous 
osteoclasts are evident on the subchondral bone surfaces. G and H, 
Coronal section of a tibiotarsal joint from an AIA rat administered 60 
mg/kg/day SB 242235 therapeutically on days 10-20. Note that com- 
pared with the joint from the AIA control rat, joint integrity has been 
significantry maintained with SB 242235. See Figure 1 for definitions. 
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rats treated with either indomethacin or SB 242235 are 
shown in Figure 6. Joint architecture of a normal joint is 
shown in Figures 6A and B. In the AIA control joint 
(Figures 6C and D), all of the original bone and marrow 
had been replaced by granulation tissue and newly 
formed woven bone. Remnants of articular cartilage 
were evident and the former joint space had been 
infiltrated with granulation tissue. A representative joint 
from an AIA rat treated with indomethacin is shown in 
Figures 6E and F. When compared with the vehicle- 
treated joints, all joints examined from the 
indomethacin-treated group demonstrated some protec- 
tion of joint integrity. Bone destruction and the replace- 
ment of marrow with granulation remained extensive 
throughout the tibia and tarsus. However, loss of pro- 
teoglycan from the articular cartilage was attenuated. A 
tibiotarsal joint from an AIA rat treated therapeutically 

the joints examined from the rats administered SB 
242235, there was a clear protective effect on the joint 
integrity. Treatment resulted in protection of the joint 
space, articular surfaces, proteoglycan loss, and sub- 
chondral bone architecture. 

Serum IL-6 has been shown to be increased 
markedly in different biologic fluids in patients with 
autoimmune disease, particularly those with RA (32- 
34), and the level in various inflammatory compartments 
appears to be a sensitive marker of disease activity. After 
therapeutic administration of SB 242235, there was a 
significant inhibition of this cytokine at the 60 mg/kg 
dose, but not at the lower doses (Figure 7). 

DISCUSSION 

The p38a MAP kinase, a member of the MAP 
kinase family of serine-threonine protein kinases, was 
first identified as a protein kinase activated in mouse 
macrophages in response to LPS (16). Subsequently, 
CSBP2, the human ortholog of p38, was identified as the 
molecular target of the pyridinyL imidazole class of 
antiinflammatory agents. The inhibition of p38 MAP 
kinase aad subsequent inhibition of v the synthesis of a 
number of important proinflammatory proteins has 
been identified as the primary mechanism contributing 
to the antiinflammatory activity of these compounds. 
Examples of inhibited cytokines are IL-1 and TNFa, 
IL-6, IL-8, and granulocyte-macrophage colony- 
stimulating factor, but not granulocyte colony- 
stimulating factor or IL-1 receptor antagonist 

^ 12 ' 13 ^ 5 p38 pathway and the closely related JNK and 
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Figure 7. Inhibition of scrum levels of inter!eulon-6 (IL-6) in AIA rats 
treated with SB 24^5^ iRa^ 

day 10 to day 20. Serum IL-6 levels were measured on day 21. Values 
are the mean ± SEM of 12 animals per group (with inhibition 
expressed as a percentage of AIA controls). 0.001 versus 

AIA controls. See Figure 1 for other definitions. 



ERK kinase signaling pathways are commonly associ- 
ated with the early stages of host response to injury and 
infection, and their potential role in various pathologic 
conditions has made them targets for therapeutic inter- 
vention. The p38 MAP kinase signaling pathway is 
activated by a variety of stressful stimuli, including heat, 
ultraviolet light, LPS, inflammatory cytokines (EL-1 and 
TNF), and high osmolarity (16). When activated, p38 
phosphoryiates a number of down-stream substrates, 
which include kinases (MAPKAP K2 and K3, MST, 
MSK, PRAK) and transcription factors (CHOP, MEF2, 
CREB, and ATF2), and subsequently regulates the 
synthesis of several cytokines believed to be responsible 
for inflammation and tissue destruction in diseases such 
as RA. The pyridinyl imidazoles, by virtue of their 
inhibition of p38 kinase, have been shown to inhibit 
cytokine biosynthesis at both the transcriptional and 
translational level; however, at present, comprehensive 
mechanisms detailing all of the steps involved in cyto- 
kine regulation are unknown. 

In general, the pyridinyl imidazole class inhibits 
the 2 splice forms of P 38 (CSBP1 and CSBP2) as well as 
another homolog of p38 kinase, p3802 (36), but not the 
closely related p38y or P 38S, JNK, and ERK protein 
kinases. Although SB 203580 inhibits JNK201 and c-raf 
(28), a large number of other serine-threonine or ty- 
rosine protein kinases are unaffected (36). Similar to SB 
203580, SB 242235 inhibits CSBP/p38a MAP kinase 
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(IC<o 0.1 pM) and p38£2 MAP kinase (IC^ 1 ?M), but 
not p38 7 or p385 MAP kinases. .In contrast to SB 
203580, SB 242235 does not inhibit JNI^l and ERK2 
(Lee JC et al: unpublished observations). The mecha- 
nism of action of these p38 inhibitors is to compete with 
ATP by forming a 4-fluorophenyl binding pocket be- 
hind, and orthogonal to, the site normally occupied by 
the adenine ring of ATP (37). 

Our previous studies with another member of this 
family of p38 inhibitors, SB 203580, showed it to be an 
effective antiinflammatory agent in the AIA rat when 
administered prophylactically (20), and also demon- 
strated that the antiinflammatory and disease-modifying 
activity was unlikely to be due to immunosuppression 
since little to no suppression was observed in mouse 
models of immune function (20,21). However, the eval- 
uation of its activity when administered therapeutically, 
a more faewnrinodcrto^ 

addition, although improvement in bone density by 
DEXA was observed, closer examination of joint integ- 
rity using imaging technologies^ such as MRI and 
micro-CT was also not performed. 

In the studies described in the present report, we 
have shown that SB 242235 is a potent inhibitor of 
LPS-induced TNFor production in the plasma of normal 
rats The optimal pretreatment time was 1-2 hours, 
although highly significant activity was seen 4 hours 
postdosing. SB 242235 demonstrated excellent inhibi- 
tory activity with regard to TNFor production after oral 
administration of a range of doses. The ED50 for inhi- 
bition of LPS-stimulated TNFa was 3.99 mg/kg given 
orally. The compound also inhibited LPS-induced TNFa 
production in the mouse with a potency similar to that in 
the rat (data not shown). 

Antiinflammatory activity was observed in AIA 
in Lewis rats when SB 242235 was administered orally at 
10, 30, and 60 mg/kg either prophylactically or therapeu- 
tically. Tliere was a 73% inhibition of paw edema and a 
53% normalization of BMD at the 60 mg/kg therapeutic 
dose, and 51% inhibition of paw edema with 32% 
normalization of BMD at the 30 mg/kg dose. Tlusis 
significant activity for a small molecule cytokine inhibi- 
tor in such an aggressive arthritis model. Additional 
evidence for disease-modifying activity for the com- 
pound was provided by the obvious, improvement ob- 
served in the MR images, in which 80% of the joints 
were significantly protected by treatment at the 60 mg/kg 
dose. In addition, micro-CT technology, which is 
uniquely suited for comprehensive 3-dimensional analy- 
sis of bone-related changes in the AIA rat, showed clear 
protection with SB 242235. This was particularly appar- 



ent in the distal tibia and the calcaneus. This is the first 
report describing the utility of this technology to evalu- 
ate joint integrity in the AIA rat. Histologic evaluation 
of representative joints showed that treatment resulted 
in protection of the joint space, the articular surfaces, 
and the subchondral bone structure, although synovial 
inflammation was still apparent SB 242235 treatment at 
the 60mg/kg dose also reduced circulating levels of IL-6. 
Previous studies in vitro have shown inhibition of IL-6 
production from UPS-stimulated human monocytes, 
with an IC50 of 12 \OA (Lee JC et al: unpublished 
observations). 

The protection afforded by SB 242235 is consid- 
erable when compared with the nonsteroidal antiinflam- 
matory drug (NSABD) indomethacin. Although uido- 
methacin does have some bone-protective effects in the 
AIA rat, they are not «?^^^ Thc f c was no ™prove- 

thritic controls following therapeutic treatment with 
indomethacin, and histologic evaluation indicated that, 
whereas protection of the cartilage was apparent, bene- 
ficial effects on bone were minimal. In addition, whereas 
NSAIDs have antiinflammatory effects in RA patients, 
they do not protect the bone from damage. Of particular 
relevance is the fact that indomethacin does not inhibit 
TNFa production in vitro or in vivo (Griswold D: 
unpublished observations), whereas this is a hallmark of 
CSAID activity. Inhibition of TNFa by these compounds 
makes them very attractive candidates for treatment of 
RA, particularly since inhibition of TNFa using mono- 
clonal antibodies to the cytokine or its soluble receptor 
are clinically efficacious in RA (14,15). ' 

The profile of activity described here for SB 
242235 suggests strongly that orally active, small molec- 
ular weight cytokine inhibitors could provide significant 
benefit in the treatment of chronic inflammatory dis- 
eases such as RA. 
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a ground & Aims ? We Investigated If inhibition of ml- 
togen-actlvated protein kinases (MAPKs) was beneficial 
In Crohn's disease. Methods ; lnhlbltlpn;df JNK and p38 
' ji^pk activatM 
tested in vitro. Twelve patients with severe Crohn's dis- 
ease (mean baseline! CDAI 380) were randomly as- 
signed to receive either 8 or 25 mg/m* CNI-1493 dally 
for 12 days. Clinical endpolnts included safety, Crohn's 
Disease Activity Index (CDAI), Inflammatory Bowel Dis- 
ease Questionnaire, and the Crohn's Disease Endo- 
scopic Index of Severity, ffesutts : Colonic biopsies 
displayed enhanced JNK and p38 MAPK activation. CNI- 
1493 Inhibition of both JNK and p38 phosphorylation 
was observed In vitro. Treatment resulted In diminished 
JNK phosphorylation and tumor necrosis factor produc- 
tion as weii as significant clinical benefit and rapid 
endoscopic ulcer healing No serious adverse events 
were noted. A CDAI decrease of 120 at week 4 (P ■ 
0.005) and 146.5 at week 8 (P = 0.005) was observed. 
A clinical response was seen In 67% of patients at 4 
weeks and 58% at 8 weeks. Cljnlcal remission was 
observed in 25% of patients at week 4 and 42% at week 
8. Endoscopic Improvement occurred In all but\l patient 
Response was seen In 3 of 6 Infliximab failures, 2 of 
whom showed remission. Flstulae healing occurred In 4 
of 5 patients, and steroids were tapered In 89% of 
patients. Conclusions : Inflammatory MAPKs are criti- 
cally Involved In the pathogenesis of Crohn's disease 
and their inhibition provides a novel therapeutic strat- 
egy. 

Crohn's disease (CD) is a chronic inflammatory disor- 
der of the gastrointestinal tract, which is thought to 
arise in genetically susceptible hosts caused, by an inap- 
propriate immunologic response against the microflora of 
' the gut. the immune defect is unclear; however, recently 
a gene for CD was identified encoding NOD2, a protein 
involved in the recognition of microbes and signalling 
events leading to an immune response. 1 - 2 This finding 



directly links, the mucosal immune response to enteric 
bacteria and.the development of disease. 

Tumor necrosis taetortfNF) plays a central role in the 
initiation afid^ 

observed in CD> Monoclonal antibodies against TOT, 
have been proven efficacious in both inducing clinical 
temission and endoscopic healing." 4 * 5 An alternative 
means of inhibiting TNF action is by inhibition of 
mitogen-activated protein kinases (MAPKs), signal- 
transducing enzymes that regulate important cellular 
processes like gene expression and cell proliferation^ 
Targeting the p38 MAPK signalling cascade led to 
reduction of lipopolysaccharide (LPSHnduced TNF pro- 
duction in rodents. 7 Hence, MAPK inhibition has been 
suggested as an anu-imlammatory strategy.* However, 
evidence that these proteins are required for the patho- 
genesis of inflammatory disease and that MAPK inhibi- 
tion constitutes a therapeutic target is lacking. 

An interesting candidate would be CNI-1493, a 
guanylhydrazone that inhibits the phosphorylation of 
both P 38 MAP kinase and JNK." CNI-1493 has been 
shown to inhibit macrophage activation and the produc- 
tion of several proinflammatory cytokines (TNF-a, U--1. 
JL-6, MIP-lo, MIP-lB) and nitric oxide. 10 -" Further- 
more, it was shown to be protective in a number of 
preclinical models, including endotoxk shock, 10 -" acute 
respiratory distress syndrome, 1514 sepsis, 10 pancreati- 
tis, 1J - 14 experimental allergic encephalomyelitis, 1, 
stroke, 16 rheumatoid arthritis, and dextran sulfate so- 
dium colitis (data on file). 



Abbreviations used hi this paper. COBS. Crohn's Disease Endo- 
scopic Index of Severity; CRP. tractive protein; HRP. horwradWi 
peroxidase; IBDQ. Inflammatory Bowel Disease Questionnaire; IPS. 
Ilpopolysacchrlde; MAPK, rrdtogen-actlvated protein kinase; PBMCs. 
peripheral blood mononuclear call; TNF, tumor ^neeroste factor. 
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The goal of the current study was to 

k£«e aaivatioa was present in patents w«h CD. 
£fj Teniae if inhibition of MAP kinase ^-oa 
^ Tsafe and effective novel therapeuuc approach. 

Materials and Methods 

Effect of CNH493 on JNK and p38 MAPK 
Activation In Vitro 

Peripheral blood mononude* cells (PBMCs) obmined 
fmm S volunteers were stimulated with LPS orl5 

tits. ^rssrss^ 

bodies (Cell SignalUng, Beverly, MA). 



. ^ *** ^rzjsiz JESS 

Center, Amsterdam. 



Immunohistochemlstry 



Patients— 



Twelve patients were enrolled in a doubWAlioded 
l K „ n rSTdcher 8 or 25 mg/m' of CNM493 mtrave- 
t^^t 12 consecutive 

7a S 3 month, duration, with coUtis. ileitis, 

r ^ tt nS^LtioSs«l« M c4weeb 
comcost^ds .^^cyu • ^ 6. metC ap t o- 

before .nclus.oa P.tienc ««> ng dosages for at 

iSEStt «S extensive bowel 
^llnlH TlOO cm of small bowel, proctocolectomy, or 
^rectal anastomosis) or foted stenosis were 

excluded. evaluations, as deter- 

*5 rSjSrf aMvene^vents and (2) stopping 
^ b LC" rf^ne -ents. The secondary eadpoints 

S once after 

T* " ?^el aT(2) o^unence of a clinical remis- 
lbC Tfii^rSucSnofCDAI to below 150, occurr ng 

- «-!-^LS22S 3 ofochtTcal laboratory 
^ m ^Sa^ments of efEc^y included the 

* ^weTSe^uestionnaire OBW the 
Inflammatory Bowel Disea* : yues (CDEIS) « 

Crohn's Disease Endoscop.c Index of indi . 

SSS£=s£32 

vUit.enterocutaneous or rectovag.nal ^f^" J^ed. An 



Mucosal biopsy specimens of the intestine were ob- 
u T™, Jost affected regions of inflammation, and 

l W uj wit h 10 mmoUL Tris, 5 mmol/L EDTA, u - 13 ™° 
SStS* geUtin, 0.05% (vol/vol) Tween 20, P H 8 A for 

H0O). a mouse monoclonal " ft £) 

glared P 38 MAPK (Ceil 

or a mouse monoclonal immunoglobulin dg) M Ab agar 
_"\ . . ArfM6 flnstrucheroie, Hilversum. the isetn 

™*? ^LZs ZTZ^d overnight at 4«C The 

«lands; 1:25). Sections were swrec j ^ ^ 

feUowing day sect.ons Ab (DAKO. 

a secondary biotinylated g-t ^ 
Glostrup, Denmark; 1:200) tor i nour « 
ST Jbed with PBS. Detection was performed.^ wu* 
hteradish peroxidase (HEP) as « -JJ*— J £ 
incubated with HRP con,ugated jf C0 ^^Xmi n(> . 
minutes and peroxidase actmty ™J«*£ wuh 

J»hoTand mounted. Controls con- 
dehydrated in graded aiconois, ^ d of „, 
,Uted of omitting the primary and secondary ad 
appropriate Ig control 



MAPKs Activation and TNF 
Immunohistochemistry 

To assess the amount of TNF and the activity of JNK 

^ ro re sections to visualize positive cell more 
was appbed to ^J^ ° were taken at X400 

dearly. Three pictures oT each sew t0 ««. 
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Figure 1. 1 movement of MAPKs In CD. Patients received 12 days of Intravenous Infusions with CNU493 (8 or 25 mg/m 2 ). Paired biopsies were 
obtained at screening (day 1) and at week 4 for 6 patients. Sections were stained for phospho-JNK, phospho-p38 MAPK, and TNFa. {A) Many 
Inflammatory cells stained positive for phospho-JNK (original magnification, 200X). (B) After treatment with the MAPK Inhibitor, a reduced number 
of cells stain positive for phospho-JNK (original magnification. 200X). (C) Inflammatory cell staining positive for phospho-JNK were lELs [dotted 
arrow, CD3+) or LP macrophages [dosed arrows, CD68+) (1000 X). (D) Activated p38 MAPK was observed In migrating neutrophils localized 
in crypt abscesses (1000X). The number of TNF staining cells in the lamina propria in biopsy specimens taken (E) before CNH493 treatment 
(400x) was significantly higher than in specimens taken (F) after treatment (400X). 
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LPS(2Sn9/ml) 



38kDa 



0.5 5 20 ImMCNH493] 





1 

z 



controls CO;t = 0 CO;t = 4wk 



0 r». ui Eflect of CNU493 on LPS^ced JNKandp38 MAPK^P^"^ ^ gs>^ 

12 days of intravenous lnfusi<)n8^^14»lBW« 8/ hematoxylin countarstaln. Three *^iSS with the use of an Image 
Sact^*^ stained W 8ame fashi0 n. 



j ioteosely staining cells were marked positive 
monitor and all intensely sou 6 . analysis 

by an observer, counted, and stored by the image anaiys 

program for later data analysis. 
Statistical Analysis 

All measures of efficacy were evaluated by inrentioa- 

ro-treac analysis. Change from ^ 
..i^i k v use of the WUcoxon signed rank test, t-nange «u 
S^n »ouds at a specified time point was analyzed 

forward analysis ™'«P fom b^Unc was 

^^ofTr^^ Baseline 
SSdJSS- were analysed with Fisher exact test and 
Sit variables with the WUcoxon rank-sum test. 

Results 

JNK and p38 MAPK Are Activated in 
Active CD 

Although MAPKs have been, implicated in regu- 
lation of inflaLacory responses, acnul involvement of 
££& in chronic inflammatory disease has not yet been 
Z£££* Recently. Waet* £ 
creased activity of stress-activated MAPKs in CD. in 
Xic biopsies taken from patients with active OVje 
stow that Ovation of JNK and P 38 MAPK ,s markedly 



present (Figure 1A and D). Activated P 38 MAPK was 
E in infiltrating neutrophils (Figure ID) and m 
Lithelial cells (not shown). Abundant acuve JNK was 
S in inflammatory cells, especially intraepithelial 
Wmphocytes (IELs. CD3 + ) and lamina propria celk 
SdXophages. CD68+) stained positive (Pjgun >l A 
Z k Quantative comparison to histological normal 
biopsies showed that the number of phop. P^^ 
irive cells was significandy increased (Figure 2B). As 
™ ted, the number of TNF-o positive cells m the 
X mucosa of CD patients was also signify m- 
. creased compared with normal controls (Frgure 2B). 

CNH493 is a Potent JNK and p38 MAPK 
Inhibitor In Vitro 

CNI-1493 is reported to inhibit stress-activated 
MAP £H in lymphocyte cell line," To confirm 

. u TT^mnound exerts similar action in untrans- 
whether this compounders ^ 

formed cells, we stimulated PBMCs wjtfi ur 
nr^ence of increasing concentrations of CNI-1493- un* 
SSToSSd LPS* induced phosphorylation of both 

elf sSSacdva ed MAPKs in untransformed celh 
T^refoT. we decided to use this inhibitor for elucidat- 
ing their role in CD. 
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Safety and Efficacy of CNH493 in CD 

We included 12 patients with severe CD (Table 
1), 8 completed therapy. Two discontinued (after 6 and 
9 doses of medication, both receiving 25 mg/m 2 daily) 
because of elevated alanine aminotransferase levels; one 
after 11 doses caused by a catheter-related infection (8 
mg/m 2 daily), and one after 9 doses because of deterio- 
ration of CD (25 mg/m 2 daily). Treatment was generally 
well tolerated, side effects included phlebitis in 2 pa- 
tients in each dosing group, and asymptomatic and tran- 
sient elevation of liver enzymes in 1 patient in the 
low-dose and 5 patients in the high-dose group (Table 2). 

For both dose groups combined, we observed a median 
change from baseline CDAI of -117.5 at 2 weeks (P « 
0.003), -120 at 4 weeks (P = 0.005), -146.5 at 8 
weeks (P = 0.005), and -148 at 16 weeks (P = 0.007). 
„ Figu^ 

last observation before any change in concomitant 
Crohn's therapy or addition of other medication, and the 
last observation is carried forward. Table 3 summarizes 
the response rates as well as the remission rates according 
to the predefined criteria. At 4 weeks from the start of 
treatment, 25% of patients were in remission, and 67% 
had responded. At 4 months after the start of treatment, 
without additional medications, half the patients were in 
remission and 58% were responders. The response rates 
in both treatment groups were similar, though the small 
sample size of each group precludes precise conclusions. 
Three of 6 patients who did not respond to prior inflix- 
imab therapy showed a response after CNM493 admin- 
istration, of whom 2 entered remission. In parallel with 
the CDAI changes, we observed a median IBDQ increase 
from baseline of 21.5 at 2 weeks (P = 0.02), 36.5 at 4 
weeks (P - 0.Q1), 43 at 8 weeks (P = 0,007), and 33.5 
at 16 weeks (P = 0.002) in both groups combined 



Table 2. Adverse Events 



Table 1- Patient Characteristics 



8 mg/m 2 



25 mg/m 2 



Gender (M/F) 
Age iyff 

Duration of disease iyi) 

CDAI* 

IBDQ 0 

CDEIS* 

Prior intestinal resection (N) 
Rstulae 

Concomitant medication* 
Mesalamine 
Corticosteroids 
Azathioprine 
Prior infliximab (N) 



27.5 
5.7 
382.5 
103 
14.4 



0/6 

(19.8^35.6) 
(0.1-12.0) . 
(28S-607) 
(50-149) 
(7.6-25) 

1 
2/6 

1 
4 
4 

3 



2/4 

44.7 (18.7-54.4) 

13.8 (8.8-31.6) 
377.5 (284-440) 

82.5 (79-132) 
12.2 (1.7-24.3) 
5 
3/6 

3 

5 . 

4 

3 



Body system/ 
adverse event 



Daily 
dose, 
mg/m 2 

8 25 



Body system/ 
adverse event 



Dairy 
• dose, 
mg/m 2 

8 25 



Body general 

Abdominal pain 

Asthenia 

Facial edema 

Flu syndrome 

Headache 

Cardiovascular 

Hematoma 

Phlebitis 

Hematologic 

Anemia 

Leukopenia 

Thrombocytopenia 



6 6 



2 
0 
1 
0 

1 
1 

2 
1 
2 
4 
2 
1 
1 



3 
1 
0 
1 
1 
1 
2 
0 
2 
2 
2 
1 
0 



Any A£ possibly/ 

probably related 
Digestive/hepatic 
Aik phos increase 
Biiirubinemia 
Nausea 
SGOT increase 
SGPT increase 
Stomatitis 
Nervous 
Dizziness 



6 5 



Rhinitis 
Skin 

Herpes Zoster 
Maculopapuiar rash 



3 
O 
1 
1 
1 
0 

o 
1 
1 

1 - 

0 
2 
1 



•Values expressed as median (range); *CDAI; ^BDQ; «CDEIS; •Con- 
comitant Crohn's disease therapy. 



(Figure 3B). CRP levels decreased significantly during 
the first weeks of treatment (Figure 3C). At week 4, 16. 
days after the end of therapy, endoscopic improvement 
was observed in all but 1 patient (Figure 3C and D) t with 
a median change in CDEIS from baseline of -6.5 (P = 
0.006). 

Five patients suffered from active fistuiizing CD, and 
closure of fistulae was observed in 4 patients during the 
study period (1 in the 8 mg/m 2 and 3 in the 25 mg/m 2 
group). At baseline, 9 patients were receiving steroids, 5 
used prednisolone (mean, 21 mg; range, 10-40 mg), and 
4 used budesonide (all 9 mg). At week 8, steroids had 
been tapered in 8 patients (89%). In patients receiving 
prednisolone, the mean reduction was 12.5 mg at week 
8; in the budesonide group, the mean reduction was 5 
mg. CD-related arthralgia/arthritis was reported in 5 of 
12 study patients at baseline, but resolved in all during 
the study period. We concluded that a 12-day infusion 
with CNI-1493 was safe and induces significant endo- 
scopic healing and substantial clinical benefit in moder- 
ate to severe CD. 

CNM493 Inhibits JNK Phosphorylation 
In Vivo 

To establish the effects of CNI-1493 treatment on 
MAPKs in viv °t paired biopsies (available from 6* pa- 
tients), taken before (day 1) and after (week 4) treatment 
with CNI-1493 were stained for phospho-JNK and -p38 
MAPKL The phospho-p38 MAPK staining was not con- 
sistent throughout ail biopsies and thus, based on our 
immunohistochemistry, no assessment could be made of 
the effectiveness of CNI-1493 in inhibiting p38 MAPK 
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Weeks 
F 



Weeks 




2 weeks 4 weeks 

Baseline ' m ^ CT P«.«.(»™ s "^ M,na ''' 



29; 



January 2O02 
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Dose group {mg/rn*) 



Number {%) In remission/responding 



8 

25 
Overall 



Remission* 


0 


0 


Response 6 


2(33) 


5(83) 


Remission 


0 


3(50) 


Response 


3(50) 


3(50) 


Remission 


0 


3(25) 


Response 


5(42) 


8(67) 



1(17) 
5(83) 
2(33) 
3(50) 
3(25) 
8(67) 



2(33) 
4(66) 
3(50) 
3(50) 
5(42) 
7(58) 



3(50) 
4(66) 
3(50) 
3(50) 
6(50) 
7(58) 



_ • . ^mteeion defined as a reduction of COAI to below 150. occurring at least once after the start of treatment. 

J~ 2 a SSH SSSSSii 'JSS a raducuon of CDAI of *25* and .70 points as compared with baseHne. occurring 
at least once after the start of treatment 



in vivo. In contrast, treatment with CNI-1493 decreased 
the number of cells staining positive for active JNK 

- ---(Figured 

pcrirnents in which the number of phospho-JNK posi- 
tive cells were counted in sections that were not coun- 
terstained with hematoxylin (in a blinded fashion). The 
MAPK inhibitor treatment strikingly reduced the num- 
ber of phospho-JNK positive cells in these biopsies (P - 
0.01, Figure 2B). We concluded that the clinical benefit 
of CNI-U93 coincides with reduction of active JNK. 

Effects on Local TNF-ot Production 

The effectiveness of CNI-1493 treatment was fur- 
ther confirmed in patients and controls by staining for 
TNF-a, a proinflammatory cytokine that was reported to 
be under the regulatory control of JNK and p38 MAPK. 
Many TNF-a positive cells were found in the lamina 
propria (Figure IE). After treatment with CNI-1493 the 
number of TNF-a positive cells in the colon mucosa 
significantly decreased, compared with the biopsies taken 
at time of screening (Figure IF). 

Discussion 

We tested CNI-1493. a synthetic guanylhydra- 
zone known to inhibit both JNK and p38 MAPK, in 
patients with moderate to severe CD. Although it is now 
generally recognized that inflammation involves the ac- 
tivation of stress-activated MAPKs, the actual impor- 
tance of these kinases in human pathology is poorly 
understood. CNI-1493 has been shown to be protective 
in several experimental models involving inflammatory 
cytokine excess; however, clinical experience with CNI- 
1493 is limited. In a phase I study, CNI-1493 was 
studied in melanoma and renal cancer patients receiving 
high-dose JL-2. 22 CNI-1493 was well tolerated and in- 
hibited the IL-2-induced increase in TNF-a in a dose- 
dependent feshion. A pilot study of CNI-1493 in pa- 



tients with moderate to severe psoriasis showed a marked 
response in several patients to a brief course of therapy, 
whi<^.lasted for up to several mp 
therapy (data on file). 

In this pilot study, we show that CNI-1493 has 
significant therapeutic impact on severe CD, resulting in 
endoscopic healing, as well as remarkable and sometimes 
long-lasting clinical benefit. Concomitantly, the strong 
JNK phosphorylation observed in patients before the 
onset of treatment was reduced, implying that CNI- 
1493 treatment caused JNK inhibition in vivo. These 
results support the notion that inflammatory MAPKs are 
critically involved in the pathogenesis of CD. 

Immunohistochemical staining of colon biopsies for 
p38. MAPK did not yield consistent results, nor was a 
decrease in phosphorylated p38 MAPK staining detected 
after CNI-1493 treatment. In agreement, directly de- 
termining p38 MAPK activity, using imrnunopreci- 
pated p38 MAPK from colon biopsies in in vitro kinase 
assays (not shown), did not reveal an influence of CNI- 
1493 treatment on p38 MAPK enzymatic activity. To- 
gether with our data showing that CNI-1493 more 
potently inhibits JNK phosphorylation in LPS-stimu- 
lated PBMCs in vitro and in mucosal inflammatory cells 
in vivo, our studies suggest that JNK is the more rele- 
vant target for CNI-1493 treatment. These findings 
would correspond well with recent results obtained in 
our laboratory obtained .with TNBS-induced colitis in 
mice, which revealed that although the p38 MAPK 
inhibitor SB20358 effectively inhibited p38 MAPK 
enzymatic activity in these mice, no attenuation of dis- 
ease progression was observed." Hence, we favor the 
hypothesis that JNK inhibition underlies the clinical 
benefit of CNI-1493 in CD, but until more JNK-specific 
inhibitors are tested other possibilities must be kept in 
mind. 
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To our knowledge, this is the first article that reports 
immunocompetent cell's within the inflamed human in- 
testinal lamina propria expressing phosphorylated JNK 
and p38 MAPK. Whatever the exact nature of these 
underlying iriflammatpry MAPKs, the present study in- 
dicates that activity of these kinases is essential for 
CD-pathogenesis. In this open-label pilot study we ob- 
serve that inhibition of these kinases may have significant 
clinical benefit, resulting even in endoscopic healing. As 
inhibition of such kinases may be achieved with small, 
orally available, and relatively cheap compounds we pro- 
pose that such a therapy may constitute a promising 
novel avenue for the treatment of CD. 
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iuiW.Croft. Cherry, D. Jean White, David L. (7, 25) and has been proposed to mediate cardiac d^- 

M^^i^etew Hybki. «»d Juxeta W. Horton. Role cits in burn trauma (32, 34), ischemia-reperfusoon (44), 

of ?38 ?£££3*^P«& ia ^ hemorrhagic shock (45). Anticytokme strategies 

iS^^^»««^^^^^^ JI ^ such as monoclonal antibodies to TNF-a have had 

Heart Cire Physiol 280: H1970-H1981, 2001—This study limited succe8 s in models of 1 schemia-reperfusion, 

examined the hypothesis that bum trauma promotes cardiac trauma> OT ^pgig (i, 2, 19-21). Recent approaches to 

myocyte secretion of inflammatory cytokines such as tumor j^^g cytokine-mediated organ injury and dysfunc- 

necrosis factor (TNF)-a and produces cardiac contractile dys- ^ included defining the signal transduction 
—fuiictioa^via^the^ 

(MAPK) pathway. Sprague-Dawley rats were ^mded mto v j therapeutic approaches to interrupt 

four groups:.;) sham bum rats i given anesthesia alone, 2) goaioi ep s t ' athway (10 ). This approach 

shanTbum rats giver , the p3« » MtfJ mh^tor SBMM0(6 ^^^^^ me Lted by cardiac cyto- 

mgfcg po, 15 ^^^ % 22 - b J^Sy^uVfece £a and kme secretion without producmg generalized immuno- 

SelSd 6 ^ vSeTmf ^iL^terRinger Oppression or increasing susceptibflity to subsequent 

.solution for resuscitation (4 ml-kg _l -percent bum -1 ), and 4) infection. . . 

bu^tSJSSSy and fluid resuscitation plus SB203580. 0 ne aspect of the signal transduction pathway that 

Rats from each group were killed at several times postbum to ^g^ates cytokine synthesis in other cell populations 
examine p38 MAPK activity (by Western blot analysis or in . g ^ 3g mitogen-activated protein kinase (MAPK). 

vitro kinase assay); myocardial function and myocyte secre- Activatioil 0 f tbe p38 MAPK signaling cascade is one of 
tion of TNF-a were examined at 24-h postbum. These studies mec hanisms by which cells respond to environmen- 
showed significant activation of p38 MAPK at 1-, 2-. and 4-h (4?) Jn f&ct> p38 was first identified as a 

postbum compared with time-matched shams. Burnb^uma undergoing rapid tyrosine phosphorylation af- ■ 

impaired cardiac «^<^ n ^"^ K . f ^OT^ £ ? eSo^urTto Upopolysaccharide (LPS), a bacterial 
myocyte secretion of TNF-«.SB203580^itedp38MAPK ^^^"^^^d on host infection (28). 
activity, reduced myocyte secretionof TNF-a andpiwanted f%**™^ n ^™^ (41) described a protein that 

ES fa p££um \J5L ofTNF-a and contributes to that had been shown to inhibi "S^igg^ 

po^urn carcuac dysfunction. matory cytokine production (41). ms f ^^ s fl u n ^ 

poswura c» / ores8ive binding protein was subsequently cloned and 

rat model of bum trauma; Ung^d^ perfusion, cardiac P^ ^ ^^g mapk (42 ). 

contraction-relaxation; tumor necrosis fector-a ^ e P 381dAPK plays a role in regulating inflam- 

— " matory cytokine production as well as many other 

m several injury and disease states inflammatory cyto- cellular respo^es to stiess *e tafekpad conse- 

myocytes themselves terete inflainmatory c^kmes 

in response to tiauma or sepsis, pmdumg myocardial ^^"^^Sjning, most likely through the 

cytokine levels that exceed those measured m the sys- iscbouc ' P^^heat Xdc proWn 27 (40, 52). Some 

Smic circulation. In addition, cardiac secretion of the Sj^JfJ^J activation may In- 
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transcription factor2 (ATF2), nuclear factor (NF)-kB, 
and p53 (43, 47, 51). . , m 

Because p38 MAPK activation appears to be in- 
volved in other cardiac abnormalities, it is possible 
that this MAPK may also mediate the contractile def- 
icits observed in burn trauma. Therefore, the purpose 
of this present study was to determine whether burn 
trauma activates p38 MAPK in the heart; in addition, 
the effects of inhibiting cardiac MAPK activity on car- 
diomyocyte secretion of the inflammatory cytokine 
TNF-a and on cardiac mechanical function were stud- 
ied. 

MATERIALS AND METHODS 



Experimental Animals 

Adult Sprague-Eawley rats (Harlan Laboratories; Hous- 
ton TX) weighing 325-360 g were used throughout the 
study. Animals were allowed 5-6 days to acclimate to their 
surroundings. Commercial rat chow and tap water were 
available at will throughout the experimental protocol. All 
work dpfirrihpd-hffT ^^-w flA-. approved .. by- .the~ u mversity~ox. . 
Texas Southwestern Medical Center Institutional Animal 
Care and Research Advisory Committee and was performed 
according to the guidelines outlined in the "Guide for the 
Care and Use of Laboratory Animals" published by the Amer- 
ican Physiological Society. 

Catheter Placement and Burn Procedure 

Rats were briefly anesthetized with methoxyflurane 18 h 
before the bum experiment. Body hair was closely dipped, 
the neck region was treated with a surgical scrub (Betaoine), 
and a polyethylene (PE) catheter (PE-50 tubing) was inserted 
into the left carotid artery with the tip advanced tothe level 
of the aortic arch. In addition, a PE catheter (PE-50) was 
placed in the right external jugular vein for administration of 
" fluids The catheters were filled with heparinized saline and 
exteriorized at the nape of the neck, and the skin was closed. 
After the animals had recovered from the anesthesia for 
catheter placement, they were housed in individual cages, 
and body temperature was maintained throughout the exper- 
imental period with a heating pad and a heating lamp. 

Hemodynamic, metabolic, and hematological measure- 
ments were collected 18 h after catheter placement (preburn 
data); the animals were then deeply anesthetized with me- 
thoxyflurane and secured in a constructed template device as 
previously described (3, 25, 36). The surface area oftheskm 
exposed through the template device was immersed m 100 C 
water for 12 s on each side; with the use of this technique, 
full-thickness dermal bums comprising 40% of the total body 
surface area were obtained. This burn technique produces 
complete destruction of the underlying neural tissue and a 
transient (<45 s) increase in internal body temperature of 
1-3°C Sham burn rats were subjected to an identical prep- 
aration except that they were immersed in room i temperature 
water After immersion, the rats were immediately dried, 
and each animal was placed in an individual cage; the exter- 
nal jugular catheter was then connected to a swivel device 
(model 923, Holter pump, Critikon; Tampa, FL) for fluid 
adininistration during the 24-h postburn period (4 
ml-kg-^percent burn" 1 lactated Ringer solution, with one- 
half of the calculated volume given during the tot 8-h 
postburn and the remaining volume given during the next 
16-h postburn). In the control group, the external jugular 
vein was cannulated but no fluid resuscitation was adminis- 



tered. Twenty-four hours after burn injury (or sham burn), 
hemodynamic parameters including systemic blood pressure 
[using a model P23 ED, Gould-Statham pressure transducer 
(Gould; Oxnard, CA) connected to a model 7D Polygraph 
recorder (Grass Instruments; Quincy, MA)] and heart rate 
(using a model 7P4F tachycardiograph, Grass Instruments) 
were measured. A small sample of arterial blood (0.25 ml) 
was withdrawn from the arterial catheter for measuring 
packed cell volume, hematocrit, arterial pH, and blood gases. 
Body temperature was measured with a rectal temperature 
piobe (model 44TA, YSl-Tele Thermometer, Yellow Springs 
Instruments; Yellow Springs, OH), and respiratory rate was 
monitored by counting respiratoiy movement. 

Experimental Groups 

All rats had catheters placed before inclusion in an exper- 
imental group. Eighteen hours after catheter placement, rats 
were randomly divided into two major experimental groups 
as follows: cutaneous bum injury over 40% of the total body 
surface area (n ■ 68) or sham bum injury (n « 66). These two 
experimental groups were then subdivided such that one-half 
of the sham burns (n » 33) and one-half of the burns (n - 34) 
were given the.selective inhibitor of p38 MAPK JSMQ858Q 

nyDimidazole, SmithKline Beecham Pharmaceuticals; 
Brocham Park, UH. SB203580 was dissolved in 0.03 N 
HCl-0.5% tragacanth (Sigma; St Louis, MO) and was a dminis - 
tered by oral gavageat 6 mg/kg at 15 min and 6 and 22 h after 
either bum or sham bum (4, 6). The remaining sham in » 33) 
and bum rats (n = 34) were given vehicle (0.03 N HCl-0.5% 
tragacanth) to serve as appropriate control groups. Initial stud- 
ies W ere designed to measure the time course of p38 MAPK 
activation after bum trauma. For these studies, three hearts 
were collected from each of the four experimental groups at 
several time points after injury (30 min and 1, 2, 4, 6, 12, and 
24 h). The hearts were cleared of fat and epicardial vessels, 
freeze-clamped in liquid nitrogen, and stored at -80°C until 
used for immunopredpitation of p38 MAPK for in vitro kinase 
assay or Western blot analysis. Thirty-two rats were used to 
assess ventricular function 24 h after bum trauma (Langen- 
dorff perfusion); rats in - 8 rats/group) from each of the four 
experimental groups (sham plus vehicle, sham plus inhibitor, 
bum plus vehicle, and bum plus inhibitor) were studied. Four 
to five rats from each of the four experimental groups were used 
to prepare cardiomyocytes 24 h after bum injury to assess 
TNF-a secretion by this cell population. The time frame selected 
to assess ventricular function and TNP-a secretion was based 
on previous studies (unpublished data) from our laboratory 
0 vnTTnniTi g the time course of cardiac contractile defects, NF-kB 
activation, and myocyte secretion of inflammatory cytokines. 



Isolated Perfused Hearts (Langendorff Model) 

For studies of cardiac contraction and relaxation, awake 
animals were anticoagulated with heparin sodium (1000 
units. EUrins-Sinn; Cherry Hill, NJ) 24-h postburn (or sham 
bum) and decapitated with a guillotine. The hearts were 
rapidly removedand placed ^^^.^^^^^ 
bicarbonate-buffered solution [containing (in mM) 118 NaCl, 
4 7 KC1. 21 NaHCOa. 2.5 CaCl 2 , 1.2 MgSO* 1.2 KHaPO* and 
11 riucosel. All solutions were prepared on the day ^exper- 
imental performance and bubbled with 95% 0^5% CO, (pH 
7.4; Po 2 . 550 mmHg; Pco* 38 mmHg). A 17-gauge ' cannula 
placed in the ascending aorta was connected to a buffer-ailed 
reservoir for perfusion of the coronary circulation at a con- 
stant flow rate of 5 ml/min. Hearts were suspended m a 
temperature-controlled chamber maintained at 38 £ 0.5 C, 
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and a constant flow"~pump (model 911, Holter pump, Cri- 
tikom) was used to maintain perfusion of the coronary arter- 
ies by retrograde perfusion of the aortic stump cannula. 
Coronary perfusion pressure was measured and effluent was 
collected to confirm coronary flow rate. Contractile function 
was assessed by measuring mtraventricular pressure with a 
saline-filled latex balloon placed in the left ventricular cham- 
ber Left ventricular pressure (LVP) was measured with a 
Stethamp^sure transducer (model P23 ID, Gould) attached 
to tbTbaUoon cannula; the rate of LVP rise C+dP/dt^x) and 
fall (-dP/dim»x) was obtained using an electronic differ- 
entiator (model 7P20C, Grass Instruments) and recorded 
(model 7DWL8P, Grasa Recording Instruments). 

A Frank-Starling relationship for each heart was deter- 
mined by plotting left ventricular developed . pmuun (peak 
systolic pressure minus left ventricular end-diastohc pres- 
sure) and idP/dW responses to increases m preload deft 
ventricular end-diastohc volume). Because the heart rate 
varied after burn injury, hearts were paced through an elec- 
trX£ed£ Seright atrium (3-4 Hz, 2-10 W for 4-ms 
duration; Grass stimulator, Grass Instruments). Hearts were 
paced at twice the minimum capture voltage; thus in vitro 
heart rates were similar in aU eiq>enmental groups, and 
differences m cardiac perToimahce could not be attnbuted to 
burn-related differences in heart rate. In addition, ventricu- 
lar nerformance was assessed in all hearts as coronary flow 
rate was increased from 3 to 12 mVmin or as perfusate 
calcium concentration was increased from 1 to 8 mM. 

Corciiomyocyte Isolation 



To isolate cardiac myocytes, animals from each experimen- 
tal group were heparinized 24-h postburn and decapitated, 
and the hearts were removed through a me^steraotomy 
with the use of sterile techniques. The isolated heart was 
immediately olaced in ice-cold calcium-free Tyrode solution 
gSSSfffSD 136 NaCl, 5 KC1. 0.57 MgCU, 0.33 
NaHaPO*. 10 HEPES, and 10 glucose]. The aorta was can- 
nulated within 60s, and the excised heart was perfused with 
calcium-free Tyrode solution using a Langendorff perfusion 
apparatus. Perfusion was maintained for 5 mm l and then 
switched to a collagenase solution , which contained 80 mlof 
calcium-free Tyrode, 40 mg of collagenase A (0.05%, Boeh- 
rineer Mannheim; Indianapolis, IN), and 4 mg of protease 
(Polysaccharide XIV, Sigma) with confanuous oxygenation 
(95% 02-5% COa). After this enzymatic digestion over a 
10-min period was completed, the heart was removed from 
the cannula, and the ventricular tissue was separated from 
the base of the heart. This tissue was plated in a petn dish 
contS Tyred! solution with 100 pM caldum and gentiy 
minced to increase ceU dispersion over 6 mm. The myocyte 
suspension was then filtered, and the cells were allowed to 
settle This rinsing and settling step was repeated three 
thnes'with 10 min between each step and with gentle swirl- 
ing between each step to allow myocyte separation. The 
calcium concentration of the rinsing solution was ffraduaBy 
In^edduring these steps from 100 to 200pM and finally 
to TsmM. The cell viability was measured CTrypan blue dye 
excluston), and cell suspensions with >85% viabdity were 
used for subsequent studies. Myocytes with a rodlike shape, 
clearly denned edges, and sharp station* were prepared 
with a final cell count of 5 X 10* cells-ml^-well 1 (38). 

Cytokine Secretion by Cardiomyocytes 

Myocytes were pipetted into microtiter plates at 5 X 10 4 
cells inr" well" 1 (12-well cell culture cluster . Cormng; 
Corning, NY) and subsequently stimulated with either 0, 10. 



25 or 50 jig/well of LPS (from Escherichia coli; lot 65H 4053. 
Difco Laboratories; Detroit, MI) for 18 h (C0 2 incubator at 
37"C). Supematants were collected to measure myocyte-se- 
creted TNF-o (TNF-a, rat EL1SA, Endogen; Woburn, MA). 
We previously examined the contribution of contaminating 
cells (nonmyocytes) in our cardiomyocyte preparations using 
flow cytometry, cell staining (hematoxylin and eosin), and 
light microscopy. We confirmed that <2% of the total cell 
number in a myocyte preparation was noncardiomyocytes 
(33) Because our cardiomyocyte preparations were 98% 
pure, we concluded that the majority of the TNF-a measured 
in the cardiomyocyte supernatant was indeed cardiomyocyte 
derived. 

In Vitro p38 MAPK Assay 

The in vitro kinase assay was performed on rat heart 
tissue extracts in which p38 MAPK had been immunopre- 
cipitated. Briefly, 100 |ig of extract was incubated with 2 v4 
p38 antibody (courtesy of Dr. M. Cobb, Dept. of Pharmacol- 
ogy Univ. of Texas Southwestern Medical Center, Dallas, 
TX;' Santa Cruz Biotechnology; Santa Cruz, CA), lysis buffer 
[cOTtaining phosphate-buffei^ salmo (pH.7..4), W Nonidet 
P-40. 0.5% sodium deoxycholate, 0.1% SDS. 0.1 mg/ml phe- 
nylmethylsulfonyl fluoride. 45 jtg/(d aprotinin. 1 mM sodium 
orthovanadate, and 0.5 mM P- glycerophosphate], and protein 
A sepharose beads for 2 h at 4"C with gentle agitation. After 
sedimentation, the protein A sepharose beads were washed 
twice with lysis buffer, twice with buffer B [containing 0.25M 
Tris (pH 7.6) and 0.1 M NaCl]. and once with kinase buffer 
retaining 20 mM HEPES (pH 8.0) and 20 mM MgCld. The 
resulting p38 MAPK immunoprecipitates were resuspended 
in 30 |J of kinase assay reaction buffer, which contained 
kinase buffer (as indicated above) plus 50 ixM ATP, 15 pJC\ 
[.y-32p]ATP, and 20 ng glutathione-S-transferase (GST)- 
ATF2 (Upstate Biotechnology; Lake Placid, NY). The kinase 
reaction was initiated by incubating the samples at 30*C far 
30 min Termination of the kinase reaction was accomplished 
by sedimentation of the beads and addition of the superna- 
tant to Laemmli buffer. After *he samples were boiled for 5 
min, SDS-PAGE (12%) was used to separate the kinase 
reaction product, and autoradiography was then performed 
on the dried gel. A beta scintillation counter was used to 
quantify incorporation of radiolabel into the reaction product. 



Western Blot Analysis 

Protein samples (30 jig) were separated on a 12% SDS- 
Dolvacrylamide gel and transferred to a polyvinyhdene diflu- 
oriKembrane (Millipore; Bedford, MA). The membrane 
was blocked by a 1-h incubation in a Tns-buffered salme 
roluttontoataLng20 mMTris (pH 7.6). 135 mM NaCl and 
0 1% Tween] containing 3% bovine serum albumin and 1% 
nonfat dry milk. The phospho- P 38 antibody or p^pho^-Jun 
hTHrterminal kinase (JNK) antibody (Santo Cruz Biotech- 
nology) was then added to the membranes at a dilution of 
1-400 and incubated for 1 h at room temperature. After the 
primary antibody incubation, the membrane was washed 
three times with Tris-buffered saline solution with 0.1% 
Tween. The secondary antibody wasthen added to the mem- 
brane (1:2.500, Promega; Madison. WD and incubated for 1 h 
at room temperature. The membrane was again washed 
SrTtimes with Tris-buffered saline with 0.1% Tween The 
bound antibodies were visualized by enhanced chemilumi- 
nescence (Amersham; Piscataway, NJ). 
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Table 1. Hemodynamic and metabolic responses to bu rn trauma or to burn trauma with MAPK inhibitor 

Vehicle-Treated Sham + p38 Vehicle-Treated 

Sham MAPK Inhibitor Burn MAPK Inhibitor 

x/ap n, m p ff 126*4 H5 ±3* 94 ±4* 116±6't 

4io522 516±12 433 ±21* 513±17t 

^v^rm^ture 'C 38.9-0.3 38.9 ±0.2 38,8 ±0.2 38.7-0.2 

Body temperature, C 7 45^0.02 7.54 ±0.02 7.48±0.01 7.51±0.02 



Si* 37.4±2.3 38.8±0.6 28.3±1.6* 31.6±1.6* 

39.5-3.7 43.0±1.4 35.5±0.6* 350±:U>* 

5£™mW* 29-2 29-2 26-2* 25-2* 

p££E? U7±6 ■ 120±5 110±4 



All values are means ± SE. MAP, mean arterial pressure; HR, heart rate; Hct, hematocrit; PCV, packed cell volume; MAPK, 
nntegen aXated protein kinase. • Significant difference among groups, P < 0.05. t Significant difference between burn groups, P < 0.05. 



In Vitro Effects of MAPK Inhibitor 

To e xamin e the cell-specific effects of MAPK inhibition on 
cardiomyocyte secretion ofTNF-a, myocytes were harvested 
from additional rats 24 h after either burn trauma (n = 5) or 
sham burn (n = 5). Myocytes (5 X 10 4 cells/weU) were 
incubated (87^)^ 

mM calcium. SB203580 (0.2 or 20 jjlM) was then added, and 
the myocytes were incubated for an additional 60 rain. The 
supernatant was removed and replaced with fresh Tyrode 
solution containing 1.8 mM calcium. After viability measure- 
ments, cells were challenged with LPS (0, 10, 25, or 50 
lig/well). After 18 h, supernatants were collected to measure 
myocyte secretion of TNF-a. In this manner, the cell-specific 
effects of the MAPK inhibitor on cytokine Becretion by car- 
diac myocytes was assessed in vitro. 

Statistical Analysis 

All values are expressed as means ± SE. Analysis of 
variance CANOVA) was used to assess an overall difference 
among the groups for each of the variables. Levene's test for 
equality of variance was used to suggest the multiple com- 
parison procedure to be used if the ANOVA was significant. If 
equality of variance among the four groups was suggested, 
multiple comparison procedures were performed (Bonfer- 
roni). If inequality of variance was suggested, Tamhane's 
multiple comparisons were performed. P values <0.05 were 
considered statistically significant (analysis was performed 
using SPSS for Windows, version 7.5.1). 



RESULTS 

Effects of Burn Trauma 

Survival and hemodynamic responses to burn injury. 
All animals survived the respective experimental pro- 
tocols; Despite aggressive fluid resusritatira during 
the 24-h postburn period, mean arterial blood pressure 
(MABP) was significantly lower in rats with burns 
compared with that measured in the sham burn rats 
(Table 1). Packed cell volume and hematocrit fell sig- 
nificantly in all bum rats, and this hemodilution was 
attributed to the aggressive fluid resuscitation after 
burn trauma (Table 1). r 

Cardiac function after burn trauma. Cardiac con- 
traction and relaxation deficits occurred in burns de- 
spite aggressive fluid resuscitation. As shown in Table 
2, LVP, ± dP/dTmax, left ventricular developed pressure 
at 40 mmHg, the time to peak tension, time to 90% 
relaxation of the ventricle, and the time to -dP/d* max 
were significantly lower in burn rats than values mea- 
sured in sham burn rats. In addition, burn-mediated 
cardiac contractile deficits were evident from the left 
ventricular function curves. As seen in Fig. 1, Frank- 
Starling relationships calculated for burn rats were 
shifted downward and rightward compared with those 
calculated for vehicle-treated shams. In addition, burn 



Table 2. p38 MAPK inhibitor alters cardiodynamic responses to burn trauma 



Vehicle-Treated 
Sham 



Shaxn + pSS 
MAPK Inhibitor 



Vehicle-Treated 
Burn 



Buro + p38 
MAPK Inhibitor 



LVP, mmHg 
+dP/dimo C , mmHg/s 
-dP/di««, mmHg/s 
LVDP*o, mmHg/s 
TPP, ms 
RTm. ms 
Time to +dP/d*, 
Time to -dP/d* 
CPP, mmHg 
CVR, mmHg/s 
HR,beats/min 



ms 
ms 



88 ±3 
2.192 ±32 
1,776 ±68 
1,987 ±23 
78.9 ±1.1 
74.6 ±2.0 
45.9 ±1.8 
45.0 ±1.6 
49.2 ±3.4 
9.87 ±0.67 
256 ±18 



91±3 
2,050 ±71 
1,725 ±25 
1,900 ±71 

84.0 ±4.1 
82.5 ±6.0 
52.5 ±2.0 
46.2 ±1.4 
50.5 ±3.3 

10.1 ±0.7 
266±7 



65±5* 
1,321 ±117* 
999 ±91* 
1,249 ±110* 

88.0 ±3.9* 
82.9 ±2.0* 

49.1 ±1.2 
40.3 ±0.5* 
52,9 ±6.6 
10.6 ±1.32 
252 ±13 



80±2t 
2,067 ± lilt 
1,625 ±52t 
1,845 ±l24t 
88.8 ±3.0* 
83.3 ±2.7* 
57.0±2.4*t 
50.0±0.2f 
46.8 ±6.6 
9.35 ±0.32 
258 ±4 



All values are means + SE. LVP, left ventricular pressure; +dP/df»« and -dP/dW, rate of LVP rise and fall, respectively; LVDP^ left 

CVR, coronary vascular resistance. 'Significant difference among groups, P < 0.05 CAWUVA ana xjomerrunv. i 
between bum groups, P < 0.05 (unpaired Student t-test). 
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comparison procedure (Bonferroni). 'Significant difference among groups, P < 0.05. 



trauma decreased ventricular responses to increases in 
coronary flow rate (Fig. 2) and to increases in perfusate 
calcium levels (Pig. 3). m , 

p38 MAPK activity after burn trauma. To. determine 
whether burn upregulated cardiac MAPK activity, hearts 
were collected at several time points after burn injury. As 
measured by Western blot, upregulation of p38 MAPK 
activity was observed as early as 1-h postbura (Pig. 4, A 
and By, this burn-mediated increase in p38 MAPK activ- 
ity was confirmed by a specific p38 MAPK assay (Fig. 4C). 
Sixty minutes after burn trauma, p38 activity had in- 
creased from 1.28 ± 0.15 measured in the sham burn rats 
to 1.77 ± 0.055 relative units measured in the burn rats. 
Peak p38 MAPK activation occurred 2-h postbura, per- 
sisted through 4-h postburn, and returned to baseline 
values 6-h postburn (Fig. AC). 

Effects of MAPK Inhibition on Hemodynamic and 
Cardiodynamic Function 

To determine whether upregnlation of p38 MAPK 
plays a role in cardiac dysfunction after burn trauma, 
the specific p38 MAPK inhibitor SB203580 was admin- 
istered with aggressive fluid resuscitation from burn 
trauma A group of sham burn rats were treated with 
SB203580 to provide suitable controls. p38 MAPK in- 
hibition in sham burn rats did not alter MABP, body 
temperature, or any measure of acid-base balance com- 
pared with those values measured in vehicle-treated 



sham rats (Table 1), While heart rate tended to in- 
crease after SB203580 administration in shams, this 
increase did not achieve statistical significance. Ad- 
ministration of the MAPK inhibitor in sham animals 
did not alter LVP, ±dP/dt max , time to peak tension, time 
to 90% relaxation, time to ±dP/dfm**, coronary perfusion 
pressure, or coronary vascular resistance. Similarly, ad- 
ministration of the inhibitor in shams did not alter ven- 
tricular responsiveness to increases in left ventricular 
volume, increases in coronary flow rate, or increases in 
perfusate calcium concentration (Figs. 1—3). 

MAPK inhibition in burn rats tended to improve MABP, 
but MABP remained significantly lower than values 
measured in the SB203580-treated sham rats. Inhibiting 
MAPK (by SB203580) in burn rats significantly improved 
LVP and ±dP/d/ mmx , whereas burn-mediated changes in 
time to peak pressure, time to 90% relaxation of the 
ventricle, and time to +dP/dr max persisted. In addition, 
administration of SB203580 in burns significantly im- 
proved LVP and ±dP/df m « responses to increases in 
ventricular volume (Fig. 1) and improved ventricular 
responsiveness to increases in either coronary flow rate 
(Fig. 2) otto increases in perfusate calcium (Fig. 3). 

Effects of MAPK Inhibition on Cardiac MAPKIJNK 
Activity after Burn Trauma 

To ensure that SB203580 blocked the MAPK path- 
way in the heart, p38 MAPK activity was determined 
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Fig. 2. Effects of increases in coronary flow rate on LVP and i dP/d/m*« in all experimental groups. All values are 
means ± SE. Statistical analysis included ANOVA and a multiple comparison procedure (Bonferrom). ♦Significant 
difference among groups, P < 0.05. 
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Fig. 3. The effects of increases in perfusate calcium levels on left ventricular contraction and relaxation in all 
experimental groups. All values are means ± SE. Statistical analysis included ANOVA and a multiple comparison 
procedure (Bonferroni). •Significant difference among groups, P < 0.05. 
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protein kinase (MAPK) in the heart. A: Western blot 
analysis using an antibody that recognizes only the 
active, phosphorylated form of p38 MAPK (p-p38) indi- 
cated that upregulation of p38 MAPK activity occurred 
at 1-, 2-, and 4-h postburn. B: densitometric analysis of 
pooled anti-active pS8 MAPK Western blots. ♦Signifi- 
cant increase in p3 8 MAPK activity (as indicated by p38 
activity) in burn versus time-matched sham rats at 1-, 
2% and 4-h postburn, P < 0.05. C: in vitro p38 MAPK 
assay confirmed that burn trauma promoted activation 
of p38 MAPK (indicated as p38 activity) at 1-, 2-, and 
4-h postburn. 'Significant difference between bum and 
sham rats, P < 0.05. 
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in cardiac tissue harvested from the SB203580-treated 
experimental groups (SB203580-treated shams and 
SB203580-treated burn rats). This inhibitor abolished 
p38 MAPK activation at all times after burn injury, there 
were minimal effects of SB203580 in time-matched sham 
burn animals (Fig. 5,A andB). These data determined by 



Western blot were confirmed by an in vitro p38 MAPK 
specific assay (Fig. 50. In addition, there was no effect of 
SB203680 on burn-mediated activation of JNK (Fig. 5A). 
Whereas burn trauma increased JNK activity in cardiac 
tissue, SB203580 had no significant effect on the burn- 
mediated increase in JNK activity. 
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Fig 5 Effects of SB203580 on bum-mediated activation of p38 MAPK and c-Jun NHa-teiminal kinase (JNK) in the 
heart. A, top: Western blot analysis with anti-active p38 MAPK antibody indicated that the bum-mediated i n crease in 
p38 MAPK activity (p-p38) at 2-h postbum was blocked by in vivo administration of SB203680. Bottom: Western blot 
analysis with anti-active JNK antibody demonstrated activation of JNK (pJNK) 1-h postbum that was not inhibited 
by in vivo treatment with SB203580. + and Presence and absence, respectively, of SB203580. B: densitometric 
analysis of pooled anti-active p38 MAPK Western blots, ♦Significant elevation in p38 MAPK activity (indicated as p38 
activity) in bum vs. sham rata, P < 0.05. #Significant difference in p38 MAPK activity in the SB203680-taneated bum 
versus bum rats, P < 0.05. C: p38 MAPK assay confirmed that SB203580 prevented p38 MAPK activity (indicated as 
p38 activity) in bum rats. ♦Significant difference between bum and sham rats, P < 0.05. ^Significant difference 
between vehicle-treated bum and SB203580-treated bum rats, P < 0.05. 



Effects of MAPK Inhibition on Cardiac Myocyte 
Secretion of TNF-a 

Primary cardiac myocytes were isolated from all 
four experimental groups (vehicle-treated sham, 
SB203580-treated sham, vehicle treated hum, and 
SB203580-treated burn rats). As shown in Fig. 6, 
burn trauma increased cardiac myocyte secretion of 
TNF-a (P < 0.05). Administration of the MAPK in- 
hibitor during the postbum period significantly re- 
duced this burn-mediated TNF-a response. Further- 
more, MAPK inhibition during burn trauma 
produced cardiomyocyte TNF-a levels that were com- 
parable to those measured in SB203580-treated 
sham burn rats. 

As shown in Fig. 7, cardiomyocytes from vehicle- 
treated experimental groups responded to in vitro 
LPS challenge with a dose-dependent increase in 
TNF-a secretion (P < 0.05). However, cardiomyo- 
cytes harvested from vehicle-treated burn rats se- 
creted significantly more TNF-a at each LPS concen- 
tration compared with the TNF-a responses measured 
in myocytes prepared from vehicle-treated sham rats 
CP < 0.05). Myocytes prepared from rats given 
SB203580 after burn trauma had reduced TNF-a re- 



sponses to LPS challenge with significantly less 
TNF-a secreted at each LPS dose compared with 
those values measured in vehicle-treated burn rats 
CP < 0.05). 




SHAM 



SHARH-SB20UM BURN BURN+SB20SSM 

Fig 6 Bum trauma produced a significant rise in cardiac myocyte 
secretion of tumor necrosis factor (TN*>a at P < 0.05. All values are 
means £ SE. 'Significant difference among groups, P < 0.05. In 
vivo administration of the MAPK inhibitor SB203580 significantly 
reduced bum-mediated cytokine secretion by cardiac myocytes. 
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and repeated measures). 

In Vitro Effects of MAPK Inhibition on 
Cardiomyocyte Cytokine Secretion 



Because the in vivo administration °fthep38MAPK 
inhibitor may affect cytokine production in both the 
rSoendothelial system as well as by cardiac myo- 
52r the" ceU-specific effects of SB203580 on cardiac 
S^tesecretion of TNF-a were jJM 
accomplished by the in vitro addition of SB203580 to 
mv^cX prepared from either sham burn or burn rats, 
ffie v^abihSand morphological characteristics of myo- 
SLharvSt^ afterexposure to either Tyrode 
SoTalone or Tyrode solution containing SB203580 
were nearly identical. As shown in Fig. 8, exposure of 
mvoc^ef to SB203580 before LPS challenge sign*- 
Sydecreased myocyte secretion of TOTj rega^- 
less of a previous burn injury. These data indicate the 
effect of ^38 MAPK inhibition on TNF-a secretion 
were specific to the cardiac myocytes. 

DISCUSSION 

The data from this present study showed that burn 
tra^a upreSJated cardiac P 38 MAPK 
moted secretion of the inflammatory cytokme TNF^ 
by cardiomyocytes, and impaired cardiac mechanical 
Suction. Tne in vivo administration of the selective 
P^8 MAPK inhibitor SB203580 decreased burn-in- 
duLd MAPK activity in the myocardium abolished 
SurSm^ated secretion of TNF-a by cardiac ^myo- 
cytes, and prevented postburn cnrdiac contr acble dys. 
fonction In addition, in vitro treatment of cardiac 
™ocy£s with SB203580 inhibited the cytokine re- 
alise elicited by LPS challenge. 

^ and otifers (34, 37, 48) confirmed that inflamma- 
tory cytokines such as TNF-o impair several aspects of 



cardiac contraction and relaxation. Further evidence 
that TNF-a produces cardiac contractile function 
has been provided by studies showing that . 75-TNF 
receptor linked to the Fc portion of IgG-1. (an anb-TNF 
strategy) ablated systolic and diastohc cardiac dysfunc- 
tion after experimental bu^ traumaor sep^«4 25) 
and in isolated hearts challenged with TNF-a (34). 
Because TNF-a mediates, at least in part, the cardiac 
mechanical defects that have been shown to occur after 
burn trauma, it was reasonable to expect that inhibit- 
mg one aspect of the signal transduction pathway that 
regulates TNF-a transcription and translation would 
provide a measure of postburn <^dioprotection. In- 
deed, our finding that SB203580 inhibited cardiomyo- 
cyte secretion of TNF-a and prevented W-mediated 
cSdiac dysfunction is consistent with studies by Cam 
andcoUeagues (9), who reported that SB203580 dimin- 
Shed ischemia-induced TNF-a secretion and unproved 
postishemic function in isolated atria trabecular 

Because burn trauma elicits a systemic mflamma- 
torx cascade by stimulating cvtotoe^tiiesis mboth 
S^Ttfe r/«e^otbeUal- syste^ 
cardiac myocytes, the in vivo adniinistrataon of 
SB203580 would likely interrupt several aspects of 
nostburn inflammation. The question of whether this 
inhibitor would specifically target cardiac myocyte se- 
Setion of TNF-a was addressed by the in vitro studies 
whSyocytes were pretreated with SB203580 before 

Ss^engTThe P 38 MAPK inhibitor ■directly sup- 
pfessS cytokine secretior .elicited i b| -U* *g%»* 
cardiac myocytes, suggesting that SB203580 can tar 
eet cardiac myocytes. 

Although little is known about the signaling path- 
way by which a cutaneous bum injury transmits an 
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secretory response to in ^^ k ^™!tion XtthLW challenge 
SB. •Significant increase m cytokine ^<^Xe werimental 
compared ™* e^erlmental 
W m fe e Scl ^se)S3580 reduced cardiomyocyte 
t£S o'mfla^^ytoafe by myocytes from both sham and 
Surn rats (ANOVA and repeated measures). 
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extracellular stimulus to the nucleus to trigger an 
inflammatory response-by cardiac myocytes, the data 
from this present study suggest that this pathway 
likely includes MAPK Several previous studies (17, 18, 
29, 30, 46, 54) proposed a significant role for LPS in 
this signaling cascade. It is well recognized that burn 
trauma, promotes loss of gut mucosal barrier integrity 
and translocation of bacteria. While we failed to show a 
significant rise in serum LPS levels after burn trauma 
(unpublished data), the idea that LPS initiates a signal 
transduction pathway that c ulmin ates in cardiomyo- 
cyte TNF-a secretion has not been ruled out. In addi- 
tion to LPS, it is clearly recognized that cutaneous 
burn promotes the formation of several reactive oxygen 
species (ROS) (31, 36), and several studies have sug- 
gested that ROS alter several aspects of inflamm atory 
cytokine signaling. The in vivo administration of 
SB203580 in our study may have altered many of the 
upstream events, providing an indirect means of inter- 
rupting MAPK activation. There are no data, to our 
knowledge, regarding the effects of SB203580 on gut 

free radical generation. In this regard, Clerk and col- 
leagues (12-14, 50) showed that ROS activate p38 
MAPK pathway in cultured cardiac myocytes. Alterna- 
tively, emigration of activated leukocytes from the cor- 
onary microcirculation (35) or coronary endothelium- 
derived TNF-a (11) may serve as the initiating 
stimulus for postburn TNF-a secretion by cardiac myo- 
cytes. Because several putative burn-derived extracel- 
lular signals have been shown to activate p38 MAPK in 
other experimental models, our current finding that 
burn trauma upregulated the p38 MAPK pathway was 
not surprising. 

Whereas the signal transduction cascade that regu- 
lates TNF-a synthesis and secretion by cardiac myo- 
cytes has not been defined in burn trauma, synthesis of 
inflammatory cytokines such as TNF-a by macro- 
phages has been studied in considerable detail. In the 
macrophage population, LPS complexes with LPS 
binding protein and binds to CD14 (27, 57). Geppert et 
al. (23) have shown that the LPS-generated signal is 
then transmitted to regulate TNF-a transcription via 
the ras/raf-l/mitogen-activated protein or extracellular 
signal-regulated kinase (ERK) kinase (MEK)/ERK1,2 
pathway (23). Similarly, Swantek et al. (53) showed 
that JNK activities are upregulated by macrophage 
exposure to LPS. In the present study, cardiomyocytes 
isolated from burn rats secreted significantly more 
TNF-a in response to LPS challenge than myocytes 
prepared from sham burn rats, and this effect was 
blocked by p38 MAPK inhibition with SB203580. 

The MAPK inhibitor SB203580 is a pyridinyl imidia- 
zole compound with potent inhibitory effects on cyto- 
kine production by LPS-stimulated human monocytes 
and thp-1 cells (a human monocytic cell line) (22, 42). 
In addition, the pyridinyl imidiazoles exhibit anti-in- 
flammatory effects in several animal models (41) and 
have been shown to exert beneficial effects in experi- 
mental arthritis and in experimental endotoxin shock 
(4-6, 46). Although the specificity of SB203580 for p38 



MAPK has been established by an absence of inhibi- 
tory effects of this compound on various other kinases 
(15), recently SB203580 was shown to inhibit JNK in 
rat neonatal ventricular myocytes. In these myocytes, 
the IC 6 o for p38 MAPK and JNK was 0.O7 and 3-10 
\M, respectively (14). Because 0.2 uM SB 203580 was 
employed in this study, it was likely that this com- 
pound was specific for p38 MAPK at the dosage used. 
However, we chose to examine the effects of SB203580 
on JNK activity in our model of burn trauma. Whereas 
burn injury produced significant JNK activation 1- and 
2-h postburn, this activity was not inhibited by in vivo 
administration of SB203580, confirming the selectivity 
of this inhibitor for p38 MAPK 

While this present study confirms that burn trauma 
activates p38 MAPK in the myocardium, the down- 
stream substrates for this kinase group within the 
heart remain undefined. One potential target in the 
p38 MAPK pathway is the redox-sensitive transcrip- 
tion factor NF-kB. Nuclear translocation of NF-kB has 
been shown to occur in the heart after bixrn trauma 
(32)i and previous studies {437 44) have : coiifiinned tEat 
p38 MAPK activity promotes NF-kB activation in sev- 
eral tissues. Because NF-kB is one of the transcription 
factors involved in TNF-a gene transcription, it is 
likely that burn trauma and p38 MAPK ixpregulation 
promote the release of inflammatory cytokines, via a 
NF-KB-dependent mechanism. In addition, API, a 
transcription factor that is also activated by p38 
MAPK, may play a role in the transcriptional regula- 
tion of postburn inflammatory cytokine production. It 
must also be considered that the upregulation of the 
p38 MAPK pathway after bum trauma may induce 
inflammatory enzymes such as inducible nitric oxide 
synthase and cyclooxygenase-2 as well as tine increased 
expression of adhesion proteins such as vascular cellu- 
lar adhesion molecule-1 (5, 16, 26, 49). 

While much of the previous work examining the 
activation and regulation of p38 MAPK pathway used 
noncardiac myocyte cells, this pathway is likely of 
primary importance in the myocardium under stressful 
conditions such as ischemia and reperfusion, trauma 
with blood loss, and burn trauma. The data from this 
present study clearly indicate that this kinase pathway 
is activated by burn trauma, and activation of this 
pathway occurs early in the postburn period (1 h) and 
occurs before other signaling events within the myo- 
cardium, such as nuclear translocation of NF-kB and 
cardiomyocyte secretion of TNF-a (32). Clear definition 
of the p38 MAPK pathway, including delineating up- 
stream activators of this pathway as well as down- 
stream targets, will likely provide potential sites for 
therapeutic intervention after msgor traumatic injury. 
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INHIBITION OF P38 MITOGEN-ACTIVATEP PROTEIN KINASE SUPPRESSES 
INTERLEUKIN-1 ^-EXPRESSION AND PREVENTS PROGRESSION OF 
CARDIAC HYPERTROPHY AND CONGESTIVE HEART FAILURE IN RATS. 

Akira Shimamoto, Tomoyuki Oda, Hiroshi Kodama, Masahiro Shimada, Shinji 
Kanemitsu, Kazuya Fujinaga, Motoshi Takao, Koji Onoda, Takatsugu Shimono, 
Kuniyoshi Tanaka, Hideto Shimpo, Isao Yada, MIE Univ Sch of Medicine, Tsu 
Japan 

Background: Proinflammatory cytokines have been reported to participate in 
cardiac hypertrophy and congestive heart failure (CHF) induced by mechanical 
overload. Intercellular signaling leading to proinflammatory cytokine production 
involves p38 mitogen-activated protein kinase (MAPK). We evaluated the effects 
of a" p38- MAPK inhibitor in Dahl salfcsensitive: rate: (DSy with hypertension-; 
induced left ventricular (LV) hypertrophy at risk of progression to CHF. Methods: 
DS rats were divided into four groups: a 7W in which a fiSS MAPK inhibitor 
(FR1 67653' 2 mg/kg/day) was administered from age 7 weeks when we initiated 
a high-salt 'diet in all groups; an 11W in which FR167653 was administered 
beginning at 11 weeks, when concentric LV hypertrophy appeared; a 15W in 
which FR1 67653 was administered beginning at 15 weeks, when CHF 
developed; and an untreated group (UN). Dahl salt-resistant rats (DR), a control 
group were not given FR1 67653, Results: At 19 weeks of age, interteukin-1 B(lL- 
18) mRNA expression was significantly less in all treated groups than in UN 
(p<01) indeed nearly the same as in DR. Expression of monocyte 
chemoattractant protein-1 (MCP-1) mRNA and the number of macrophages in LV 
did not decrease in any treated group. Echocardiographies.! findings indicated the 
presence of LV concentric hypertrophy in 11W and LV wall dilation in 15W, but 
no such changes in 7W, and preserved LV wall motion in all treated groups. 
Hypertrophy of myocytes and increased interstitial fibrosis were observed in LV 
sections from 11VV, 15W, and UN but not in 7W or DR. All UN had died of 
pulmonary congestion due to LV dysfunction by 22 weeks. The survival rate at 22 
weeks was 90% in 7W, 50% in 11W, and 30% in 15W groups. Kaplan-Meier 
survival analysis demonstrated a significant improvement in 7W (P=;0°1 5 u > * na 
11W (p=0320) compared with UN. Conclusion: The p38 MAPK inhibitor 
suppressed IL-lBproduction by macrophages infiltrating the LV in response to 
MCP-1 . The inhibitor prevented progression of cardiac hypertrophy and CHF. 
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Role of p38 Mitogen-Activated Protein Kinase in a Murine 
Model of Pulmonary Inflammation 1 



Jerry A. Nick, 2 * + Scott It Young,* Kevin K. Brown,* 1 Natalie J. Avdi,* Patrick G. Arndt,* f 
Benjamin T. Suratt,*' Michael S. Janes,* Peter M. Henson,* and G. Scott Worthen* t8 

Eariy in0amraatory events include cytokine release, activation, and rapid accumulation of neutrophils, with subsequent recruit- 
ment of mononuclear cells. The p38 mitogen-activated protein kinase (MAPK) intracellular signaling pathway plays a central role 
in regulating a wide range of inflammatory responses in many different cells, A murine model of mild LPS-lnduced lung inflam- 
mation was developed to investigate the role of the p38 MAPK pathway in the initiation of pulmonary Inflammation. A novel p38 
MAPK inhibitor, M39, was used to determine the functional consequences of p38 MAPK activation. In vitro exposure to M39 
inhibited p38 MAPK activity In Unstimulated murine and human neutrophils and macrophages, blocked TNF-or and macro- 
phage inflammatory proteln-2 (MTP-2) release, and eliminated migration of murine neutrophils toward the chemokines MJP-2 and 
KC In contrast, alveolar macrophages required a 1000-fold greater concentration of M39 to block release of TNF-o and M1P-2. 
Svsteraic inhibition of p38 MAPK resulted in significant decreases In the release of TNF-a and neutrophil accumulation in the 

inhibition of p38 MAPK, and accumulation of mononuclear cells was not significantly reduced. When KC was Instilled as a 
proinflammatory stimulus, neutrophil accumulation was significantly decreased by p38 MAPK inhibition independent of TNF-a 
or LPS. Together, these results demonstrate a much greater dependence on the p38 MAPK cascade In the neutrophil when 
compared with other leukocytes, and suggest a means of selectively studying and potentially modulating early inflammation in the 
lung. The Journal of Immunology, 2000, 164: 21 51-2159. 



The rapid accumulation of neutrophils to the lung in re- 
sponsc to a proinflammatory stimulus is one of the first 
recognizable events in the pathogenesis of many pulmo- 
nary diseases. The process by which neutrophils cross the pulmo- 
nary vasculature, migrate through the lung interstitium, and ulti- 
mately accumulate in the airways requires complex interactions 
between circulating leukocytes and the cells of the lung (I). Al- 
though many aspects of neutrophil accumulation are poorly un- 
derstood a number of discrete events have been identified. In 
health, a significant proportion of the circulating neutrophils are 
passing through the lung capillary bed at any point in time, con- 
tributing to dw raarginating pool (2). In the setting of lung injury, 
effective migration and accumulation of neutrophils into the air- 
spaces requires coordinated responses including up-regulation of 
adhesion molecules, cytoskeletal rearrangement, increases in cell 
size and stiffness, and chernotaxis (2-4). To a large extent, cyto- 
kines and other soluble proinflammatory stimuli orchestrate the 
responses of the leukocytes. Synthesis of cytokines by the neutro- 
phil itself may serve to amplify and perpetuate the recruitment of 
leukocytes to the airspaces in certain disease states (5). Monocyte 
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and macrophage accumulation in the lung typically occurs follow- 
ing an initial recruitment of neutrophils. In some animal models of 
acute inflammation, accumulation of monocytes in the lung was 
found to be neutrophil dependent (6). 

Of particular interest is the ability of LPS to induce lung in- 
flammation, as local or systemic endotoxin release is an important 
feature of many diseases, including focal pneumonias, cystic fi- 
brosis, and the acute respiratory distress syndrome. LPS is not an 
effective chemoattractant for neutrophils, but can trigger an in- 
flammatory cascade via the synthesis of cytokines and other proin- 
flammatory mediators by resident alveolar macrophages (AM), 3 
local mast ceils, fibroblasts, epitheJia, and endothelial cells. The 
release of TNF-a and neutrophil-dircctcd chemokines such as IL-8 
are essential to early LPS-mcdiated neutrophil recruitment. 

The combined effects of TNF-a and IL-8 on neutrophil recruit- 
ment are complex and incompletely understood. Known roles of 
TNF-a include activation of endothelial cells to express adherence 
proteins, induction of an array of secondary inflammatory media- 
tors, and "priming" of neutrophils for enhanced phagocytic and 
bactericidal activity (7). Through studies with specific Abs and 
genetically modified mice, the requirement for TNF-a in the 
pathogenesis of LPS-induced shock and tissue injury has been con- 
firmed. However, these techniques do not allow for selective re- 
duction of the release of TNF-a by a cell type, nor modulation of 
the ability of neutrophils to respond to TNF-a. As a single agent, 
TNF-a also does not induce chernotaxis of neutrophils. However, 
the ELR(+)CXC chemokine IL-8 is one of the most specific neu- 
trophil chemoatiractants yet described (8-10). IL-8 has not been 



* Abbreviations used in this paper. AM. alveolar macrophages: ATT-2, activated tran- 
scription feacr-2; BAL, bronchial alveolar lavage; ERK. extracellular ii«nal-rcp>. 
bled kinase*: INK, c-Jun NH 2 terminal kinase: MAPK. initogetwwtivated protein 
kinase; MIP-2, macrophage inflammatory protetn-2: MPO. myeloperoxidase. 
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identified in mice. 'but macrophage inflammatory protein-2 
(M1P-2) and KC share the same ELR(+)CXC structure and act as 
functional homologve of human IL-8 (11, 12). 

Selective responses of cells to external stimuli may be under- 
stood through differential activation of intracellular signaling 
mechanisms, The mitogen-activatcd protein kinase (MAPK; su- 
perfarmly arc highly conserved signaling kinases that regulate cell 
growth, differentiation, and stress responses (13). At least three 
distinct families of MAPKs exist in mammalian cells: the p42/44 
extracellular signal -regulated kinase (ERK) MAPKs. c-Jun NH r 
terminal kinases (JNKs). and P 38 MAPK ( 14-16). Both the coor- 
dinated release of cytokines by host defense cells and the func- 
tional response of neutrophils to cytokines and other proin- 
flammatory agents are to varying degrees regulated by p38 MAPK. 
In the neutrophil, p38a MAPK is activated in response to many 
stimuli, including LPS and TNF-a (17, 18). Once activated, p38a 
MAPK is capable of modulating functional responses through 
phosphorylation of transcription factors and activation of other ki- 
nases. In LPS-stimulated neutrophils, p38a MAPK regulates dis- 
tinctly different functions, including adhesion, activation of NF- 
kB. and the synthesis of TNF-a and IL-8 (19-21). In neutrophils 



given commercial pellet food and water ad libitum. All experiments were 
performed in accordance with the Animal Welfare Act and the U.S. Public 
Health Service Policy on Humane Care and Use of Laboratory Animals 
after review of the protocol by the Animal Care and Use Committee of the 
National Jewish Medical and Research Center. Anesthesia was provided by 
a single Up. injection of 333 mg/kg avcrtin. Avcrtin wis prepared by mix- 
ing 10 g tribromoethyl alcohol (Aldrich, Milwaukee, Wl) with 10 ml te- 
riary amyl alcohol (Aldrich) and diluting this stock to a 2.5% solution m 
sterile saline. 

Murine bronchial alveolar lavage (BAL) 

BAL was perfonncd immediately following sacrifice of the animals by 
pentobarbital overdose or cervical dislocation. The procedure ^ per- 
formed with the lungs in situ but with U« chest caviry opened by midline 
incision. The trachea was intubated orally or directly through a small cut- 
down of the skin overlying the trachea with a 20-g angiocath (Baxter Quik* 
Cath, Baxter Heahh Care, Decrfield, IL). Two to four 0.8-ml aliquoo of 
saline with 20 U/ml heparin were instilled and sequentially removed by 
gentle hand suction with a I -ml syringe. The volume of BAL recovered 
was quantified and cells recovered were counted in a hemocytomcter. Cell 
types were determined by Wright staining of a spun sample. All slides were 
counted twice by different observers blinded to the status of the animal. 
Samples for cytokine analysis were immediately frozen in a dry ice/ethanol 
bath and stored at -70°C. 

Isolation of ceils 



MAPK regulates both superoxide anion release and chemotaxis 
(19 20). In the LPS-stimulated monocyte/macrophage, inhibition 
of p38a MAPK. blocks TNF-a and IL-8 release (16, 22). In cells 
other than leukocytes, p38 MAPK also regulates stress-responses, 
including release of IL-8 by bronchial epithelial cells in response 
io TNF-a or other inflammatory stimuli (23). LPS stimulation also 
causes activation of p38 MAPK in endothelial cells, resulting in 
up-regulation of the ICAM-1 adhesion molecule (24). 

Given this central role of p38 MAPK as a regulator of multiple 
inflammatory responses in many diverse cell types, we questioned 
the effect of in vivo p38 MAPK inhibition on neutrophil accumu- 
lation in the lung. For these studies, we employed a murine model 
of mild pulmonary inflammation in response to a single adminis- 
trarion of LPS in the airspace. Inhibition of p38a MAPK was 
accomplished with the novel compound M39. which is the most 
highly selective and potent inhibitor of p38 MAPK described to 
dale (25). We studied the effects of selective inhibition of p38 
MAPK on several events critical in the pathogenesis of the early 
inflammatory response of the murine lung. Herein we report that in 
vitro inhibition of p38 MAPK resulted in a significant decrease in 
murine neutrophil function, but a limited effect on other inflam- 
matory responses. In vivo, this resulted in the loss of initial neu- 
trophil recruitment to the airspaces, while later accumulation of 
mononuclear cells remained largely intact. Together, these data 
indicate the potential for relatively selective in vivo inhibition of 
neutrophilic responses. 

Materials and Methods 

Materiab 

Endrtoxin-free reagents and plastics were used m all e^rwnts. ^ro> 
rinin, leupeprin. Tris-HO. Triton X-100, igepal, PMSF EDTA. EGTA. 
Nonidct P-40. and protein A-Scpharose were purchased from Sigma [N. 
Louis, MO), and (r^PJATP was purchased from Armrsham Weston 
Heights, IL). M39 [(S>5-[2Hl-phmylemylamino)^^ 
yI^3-mlkoTomc*ylpbenyl^ imidazole] was provided 

bv Merck (Rahway. NJ) and stored in DMSO at -20'C LPS was piinfied 
from Escherichia coll 0lll:B4 (List Biological Laboratories, Campbell, 
CAV Recombinant ICC and M1P-2 were purchased from R&D Systems 
(Minneapolis, MN). Activated transcription factor (ATF>2 UU0 was pre- 
pared as previously described (17, 19). 

Animals 

Female C*"BL0 mice (I Uriah Spraguc Dawley. Indianapolis* IN), 6-12 
wk of age'and weighing 16-20 g, were used in all cements. They were 



HumaTnc^W^^ mettod(26raiur 
suspended in Krebs-Ringcr phosphate buffer with 0.2% dextrose at pH 12 
or in RPM1 1640 culture medium (BioWhiuakcr, Walkcrsvtlle, MD). Ma- 
ture murine bone marrow neutrophils were isolated from mouse femurs and 
tibias. Animals were sacrificed by cervical dislocation, and the bones were 
dissected. Both ends of each bone were removed, and a 25-gauge needle on 
a 3-ml syringe containing HBSS (without calcium, magnesium, bicaiton- 
ate, or phenol red) was employed to express marrow from the bones. Mar- 
row cords were collected in a 50-ml polypropylene conical tube (Bccton 
Dickinson, Bedford. MA) and subsequently resuspended by gende aspira- 
tion of the suspension through a 19-gauge needle. The marrow cells were 
pelleted by centrirugation at 112 x g for 6 mio, washed once with HBSS. 
and resuspended in HBSS to a final volume of 2 ml in preparation for 
density gradient ccntrifugarion. A stock solution of Percoll (100% fine 
grade; Pharmacia Fine Chemicals, Piscataway. NJ) was prepared in 10X 
HBSS in a ratio of 9:1 (wV) Percoll:10X. HBSS. A 3 x 2-ml Percoll 
discontinuous density gradient (72, 64. and 52% with I X HBSS) was pre- 
pared in a 15-ml polypropylene conical rube (Becton Dickinson). The mar- 
row suspension was layered on top of the Percoll gradient and centrifugal 
at 1060 x g for 30 min. Morphologically mature appearing neutrophils at 
a concentration of >95% formed a band at the interface of the 64 and 72% 
Percoll layers. This band was carefully aspirated and mixed with 12 ml of 
IX HBSS in a 15-ml conical tube, centrituged at 112 X g for 6 ram, 
washed twice with 1 X HBSS, and resuspended in I X HBSS to a volujnc 
of 2 ml and counted by hetTweytometer. Typical yields were -1-2 x 10 
mature bone marrow neutrophils per mouse. In separate studies, the mar- 
row neutrophils were shown to have equivalent functional responses and 
recirculation patterns when compared with peripheral murine neutrophils 
(B.T.S., unpublished observations). Murine peripheral blood ne^rophils 
were isolated by modification of methods previously reported (27) for the 
purification of rabbit peripheral neutrophils. M ^ tl ^^™^™~ 
and exsanguinated into a 3.8% citrate solution followed by cartnfugaiion 
at 300 x g for 20 min. The cell pellet was resuspended in 6% dcxtran and 
0.9% NaCI solution (in a ratio of 1:5.25, dextranaaline) to a final volume 
of 150% the original blood volume and sedimcnted at unity gravity for 30 
min. The leukocyte-rich supernatant was aspirated, washed once in Hfl», 
Uycred over a Percoll gradient (78. 66, and 54%) and centnftgedat 
1060 x g for 30 min. Cytospun samples of the dense band revealed > w% 
neutrophils. Following lysis with hypotonic saline typical y |C ^ w «?^- 
4 x lf> peripheral blood neutrophils per mouse. Trypan blue dye exclusion 
showed the cells to be >97% viable followuig purification Murine AM 
were isolated by two sequential BALs. Typical yields were -2 X 10 cells 
peTrnouse and were 97-99% AM as assessed by Wright staining of spun 
samples. 



Neutrophil functional assays 



All experiments were done in the presence of 1% human or murine heat- 
inactivated platelet-poor plasma. Cytokine release assays were perfonncd 
with murine neutrophils isolated from peripheral blood or murine AM re- 
suspended in RPMI 1640 containing 2% murine ^ituunrvatcd platelet- 
poor plasma at a concentration of 5 x 10* cells/ml. One milliliter of cells 
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FIGURE I. M39 inhibits LPS-induced activation of p38a MAPK in the murine neutrophil A, Tyrosine phosphorylation of p38o MAPK. Murine and 
human neutrophils (4 x 10* per condition) were exposed to M39 (I uM) for 60 min at 37°C or left untreated, then stimulated with LPS (100 ng/ml) Tor 
20 min at 37*C (I) or left unstimulated (U). The cells were lyscd. and p38a MAPK was immunoprecipitaicd and separated by SDS-PAGE. Western blots 
were probed with an anti-phosphoryrosine Ab capable or reacting with phosphorylatcd tyrosine residues of p38cf MAPK. A nonimmune IgO control is 
shown in lane 5 for human neutrophils to confirm the specificity of our p38c MAPK antiserum, & Equivalent immunoprecipiiation of p38a MAPK. Blots 
from A were rcprobed with an anti-p38 MAPK Ab to demonstrate on equal amount of p38 MAPK immutwprccipitated for each condition studied C 
Activation of p38a MAPK. p38a MAPK was immunoprecipiuted J*rom the ly sates depicted in A and B and combined with ATF-2,..,, P in the presence of 
["PJATP. The peptide was subjected to SDS-PAGE, and the amount or p 3 P) phosphorylation of ATF-2,. II0 was assessed by phosphor screen autora- 
diography. Under identical conditions, p38o MAPK immunoprecipitated from murine AM was also analyzed for inhibition by M39. Iromunoprecipitation 
with the nonimmune IgG control shown in lane 5 of A and B for human neutrophils confirmed a lack of nonspecific phosphorylation of ATF-2,_| l0 . Plots 
depict means i SEM from three consecutive experiments expressed in arbitrary units. *, p < 0.01 by Student's I test, compared with the LPS-*timuIated 
sample in the absence of M39 for each cell type. 



suspension was added per well of a 12- well fiat-bottom tissue culture- 
treated polystyrene plate (Cos tar, Coming, NY). Cells were allowed to 
settle without agitation for 60 rain at 37°C (in the presence or absence of 
the p38 MAPK inhibitor), followed by addition of stimuli for the desig- 
nated periods. At the end of (he stimulation, the supernatant was removed 
for quantification of KC, MJP-2, or TNF-a by immunoassay (R&D Sys- 
tems). In vitro inhibition of p38 MAPK was performed by incubation of 
neutrophils or macrophages with M39 over a range of concentrations for 60 
min at 37*C. Collagen gel migration assays were performed as previously 
described (27) with minor modifications. Throughout all migration assays, 
Krebs- Ringer-phosphate dextrose with 025% human serum albumin was 
used as the buffer. Between 2 and 5 x 10 6 neutrophils were loaded per gel 
for each condition studied. Gels were inverted onto mounting media con- 
taining 0.1%p-pltcnytei«dtaraine and 70% glycerol with 1 drop of defined 
diameter fluorescent beads (DNA-Checlq Coulter, Hialeati, FL) to estab- 
lish the scale. All gels were examined with a X 40 dry objective and nu- 
merical aperture 0.55. Diagrams of cells in each gel section were made at 
5- /im intervals, and the number of cells at each depth were recorded. A 
minimum of three gel sections were cxamiaed for each condition, and 
averages were calculated Tor each depth. Values for cell distribution at each 
depth were expressed as a percent of total cells observed in the entire 
vertical section. 

PSH MAPK immunoprecipitatittn assays 

Kinase activity of p38cr MAPK was assayed from uiununoprecipiiatcd sam- 
ples by the ability to phosphorylate ATF-2 WW as previously described (19). 

Intratracheal instillation of proinflammatory stimuli 



Following anesthesia with averttn, a 300-ng aliquot of LPS or 1 iig KC 
dissolved in 50 u.1 saline containing 0.1 % human scrum albumin was in- 



jected into the mouse airways by passing a 22-gauge bent feeding needle 
with a l-25-mm ball diameter (Popper & Sons, New Hyde Park, NY) 
through the oropharynx into the trachea. 



fn vivo inhibition qfpSS MAPK 

Anesthetized mice were administered M39 by gastric intubation of a 22- 
gauge straight feeding needle with a 2.25-mm ball diameter (Popper & 
Sons). Fasting mice were placed in a semi upright position, and M39 sus- 
pended in 100 pd hydroxypropylmethylceHulose (Abbon Uboratories, Ab- 
bott Park, 1L) was instilled at a dose or 3 mg/kg. The M39 was adminis- 
tered 2 h before and 12 h following intratracheal instillation of KC or LPS, 
except for time points earlier than 12 h, in which a single dose of M39 was 
administered. 



Histological examination and quantification of neutrophil 
accumulation of murine lung tissue 

Animals were treated with saline or LPS in the presence or absence of 
M39. At 24 h, the animals were sacrificed by pentobarbital overdose and a 
midline incision.was performed. A 20-g catheter (Baxter Health Care) was 
inserted into the trachea and secured by tying with 2-0 silk followed by 
careful dissection to remove the lungs from the thoracic cavity. After full 
inflation with air to 25 cm water pressure, die trachea was tied and the 
lungs submerged in 1.5% glutaraldehydc solution in sodium cacodylate 
buffer for 24 h. Sections (4 tim) taken across the entire lung were embed- 
ded in paraffin. Sagittal sections were stained with hematoxylin-eosin and 
examined by light microscopy. Between two and four animals were studied 
for each condition, and representative sections of lungs were chosen by two 
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FIGURE 2. Inhibition of p38 MAPK blocks neutrophil migration to- 
ward MJP-2 and KC A, Neutrophils (3 X 10 6 J were treated with I uM 
M39 (□) or left untreated (■) for 60 min at 37°C and then subjected to an 
in vitro collagen gel migration assay (sec Materials and Methods) toward 
MIP-2 (10"' M) for 75 min at 37°C Each plot depicts distance of migra- 
tion in 10- jim intervals, expressed in mean percent of total cells counted Z 
SEM from three consecutive experiments, with three independent readings 
ar each depth. Cells that foiled to penetrate the gel were quantified in the 
interval labeled "surface," The failure of neutrophils to migrate beyond the 
gel surface following inhibition of p38 MAPK was significant (p < 0.0001) 
by analysis when compared with untreated cells. B, Under identical 
conditions, neutrophils were treated with M39 (□) or left untreated (■) and 
then subjected to an in vitro collagen gel migration assay toward KC ( I0" 7 
Ml. The observed loss of migration following inhibition of p38 MAPK was 
significant (p < 0.0001) by jf analysis. 



independent observers blinded to the treatment status of the animals. Pho- 
tomicrographs were taken at X4O0 magnification. Quantification of neu- 
trophil accumulation in the whole lung excluding the airspaces was per- 
formed by myeloperoxidase (MPO) assay as previously described (28) 
with minor rr»dificalions. Following BAL, isolated whole lungs were fro- 
zen in liquid nitrogen, weighed, and men homogenized. Fol towing ccntrif- 
ugstion at 20,000 x g for 30 min, the insoluble pellet was resuspended in 
30 mM potassium phosphate buffer. pH 6.0, with 0.5% hexadecyltrimeth- 
ylarnmonium bromide. Samples were sonicated, incubated at 60°C for 2 h. 
and assayed for activity in a hydrogen peroxidc/o-dianistdine buffer at 460 
nm. Results arc expressed as units of MPO activity per gram of lung tissue. 

Statistical analysis 

Data were analyzed using JMP statistical software (SAS Institute, Gary, 
NC). Student's unpaired t lest (two-tailed) was use to determine signifi- 
cance of p38 MAPK inhibition (Fig. I) and neutrophil accumulation and 
MPO content (Fig. 8) Tor a single time point. Differences in cbemotaxis 
(Fig. 2) were analyzed by a r test. One-way ANOVA was used to analyze 
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FIGURE 3. Effect of p38 MAPK inhibition on cytokine release of LPS- 
stimulated murine neutrophils and AM. A % Murine neutrophil* were treated 
with M39 (0.00 1— 10 jiM at 37°C) or left untreated and allowed to adhere 
to plastic. The cells were then stimulated with LPS (100 ng/ml) for 4 h at 
37*C, and the quantity of TNF-a (•), MIP-2 (□), or KC (&) released was 
quantified Each plot depicts mean cytokine release (pg per 10* cells) £ 
SEM for each concentration of M39 (ram three consecutive experiments. 
The M39 enncentration-dependent inhibition of cytokine release is signif- 
icant for TNF-a and MIP-2 (p < 0.001 ) by one-way ANOVA. but not for 
KC. A Under identical conditions, murine AM were treated with M39 or 
left untreated and allowed to adhere to plastic. The cells were then stim- 
ulated with LPSO00 ng/ml) for 4 h at 37°C and the quamity of TN F-or (•). 
MIP-2 (Q), or KC (A) released was quantified Each plot depict mean 
cytokine release (pg per I0 6 cells) ± SEM for each concentration of M39 
from three consecutive experiments. The M39 concentration-dependent in- 
hibition of cytokine release is significant for TNF-a and MIP-2 (p < 0.001) 
by one-way ANOVA. but not for KC. 



the effect of LPS-induced cytokine release and leukocyte accumulation 
over time (Figs. 3 and 4). Differences in in vivo cell accumulation and 
cytokine release over time in the presence and absence of p38 MAPK 
inhibition (Figs. 5, 6, and 9) were analyzed by two-way ANOVA. When a 
significant interaction between inhibition and time existed, the effect of 
inhibition was analyzed separately for each time point. For all tests, p < 
0.01 was considered significant unless otherwise indicated 

Results 

Inhibition of p38a MAPK activation in murine neutrophils 

Previous reports have demonstrated phosphorylation and activa- 
tion of p38a MAPK in human neutrophils following stimulation 
with LPS (17, 18). To detennine whether activation of p38a 
MAPK occurs in murine neutrophils in response to LPS, and as- 
sess the ability of M39 to inhibit p38a MAPK activity, murine 
bone marrow neutrophils were stimulated with LPS in the presence 
and absence of M39. Activity and phosphorylation of p38a MAPK 
were assessed simultaneously by immuno precipitation of the ki- 
nase from neutrophil lysatcs stimulated with LPS or left unsurau- 
laied The p38a MAPK was resolved by SDS-PAGE, and ihe 
Western blot was stained with an Ab capable of detecting tyrosine 
phosphorylation of p38or MAPK (Fig. \A). For comparison, an 
equal number of human neutrophils were stimulated and analyzed 
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FIGURE 4. Features of pulmonary inflammation Induced by intratra- 
cheal administration of LPS. A. Influx of leukocytes in the murine airspaces 
in response to intratracheal LPS. Mice were administered LPS (300 ng) at 
time 0, and the difference in numbers of neutrophils (□) and mononuclear 
cells (•) recovered by BAL compared with baseline levels was plotted 
over a series of time points. Each data point represents the mean change in 
number of celb £ SEM from three to five animals. The effect of LPS on 
leukocyte accumulation ova time is significant by one-way ANOVA for 
both neutrophils (j> < 0.00 1 ) and monocytes [p « 0.003). B. Cytokines in 
the murine airspaces in response to LPS. BAL samples recovered following 
administration of LPS (300 ng) were analyzed for TNF-a (•), MtP-2 (□). 
and KC Quantities of cytokine recovered per mouse were plotted 
against time (see Materials and Methods). Each data point represents the 
mean amount Z SEM of cytokine recovered from the BAL of three to five 
animals. The effect of LPS on cytokine release over time is significant by 
one-way ANOVA (p < 0.000. 



in the identical manner (Fig. \A). The blot was then reprobed with 
a second Ab against p38a MAPK, confinning that equivalent 
amounts of kinase were immunoprccipitated for each condition 
(data not shown). Activity of p38a MAPK was determined by 
combining 'immunoprccipitated p38a MAPK with ATF-2i_, l0t a 
known substrate (29), in the presence of [ 32 P]ATP (Fig. IB), LPS 
stimulation resulted in robust tyrosine phosphorylation of p38a 
MAPK in both murine and human neutrophils. However. p38a 
MAPK isolated from LPS-stimulatcd cells treated with M39 had 
significantly reduced kinase activity. Inhibition of p38 MAPK by 
M39 may result in varying degrees of decreased tyrosine phos- 
phorylation between different cell types and species (our unpub- 
lished observations). These results demonstrate phosphorylation 
and activation of p38a MAPK in the murine neutrophil and the 
ability of M39 to inhibit LPS -induced activation of p38a MAPK. 

fnhihition of p3ti MAPK blocks chemoldne-induced chemotaxis 
of murine neutrophils 

Chemotaxis is a complex response involving coordination of ad- 
hesion and actin assembly. We have reported previously that in- 
hibition of p38 MAPK results in loss of chemotaxis response by 
human neutrophils to FMLP (19). We tested roe effect of p38 
MAPK inhibition on migration of murine neutrophils toward the 



FIGURE 5. Effect of in vivo inhibition of p38 MAPK on leukocyte 
accumulation in the airspaces. A. Neutrophil accumulation in the murine 
airspaces following intratracheal LPS. Mice pretrcatcd with M39 (O) were 
administered LPS (300 ng) at time 0, and cell analysis of BAL was com- 
pared with untreated mice (•) over a series of times (see Materials and 
Methods). Each point represents mean number of neutrophils ± SEM from 
three to five animals. The effect of M39 on LPS- induced neutrophil accu- 
mulation over time is significant (p « 0.0005) by two-way ANOVA £. 
Mononuclear cells accumulation in the murine airspaces following LPS. 
Mononuclear cells from BAL samples depicted in Fig. AA were analyzed 
in mice administered M39 (O and compared with untreated mice (•) over 
a scries of times. Each point represents mean number of cells £ SEM from 
three to five animals. The effect of M39 on LPS-induced mononuclear cell 
accumulation over time is not significant (p » 0J9) by two-way ANOVA. 



chcTnoattractants MTP-2 and KC. Neutrophil chemotaxis through a 
three-dimensional collagen matrix was quantified by counting the 
number of cells within a series of 5-um intervals after 75 rain of 
exposure to die chemokines. In the presence of M39, neutrophil 
chemotaxis to MIP-2 (Fig. 24) and KC (Fig. IB) was blocked. 

Effect of p38 MAPK inhibition on cytokine release of 
LPS-sumulated murine neutrophils and AM 

An important role of AM is cytokines release in response lo LPS, 
thus triggering and coordinating early uiflaramatioo. Neutrophils 
also have the capability to synthesize and release a limited number 
of cytokines (30) and under certain conditions may be important in 
perpetuating the inflammatory response. Activation of p38 MAPK 
has been associated with cytokine production by both monocytes/ 
macrophages and neutrophils. We tested the effect of p38 MAPK 
inhibition with M39 on LPS-induced release of TNF-a, MIP-2, 
and KC from adherent neutrophils and AM (see Materials and 
Methods). An IC 50 of M39 inhibition of TNF-a and MIP-2 release 
by LPS-stimulatcd neutrophils was achieved with a concentration 
of M39 <0.I nM (Fig. ZA). In contrast, the IC* of M39 for LPS- 
activaicd AM to achieve inhibition of TNF-a and MIP-2 release 
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FIGURE 6. Effect of in vivo inhibition of p38 MAPK on cytokine re- 
lease in the airspaces. A. TNF-a in the murine airspaces in response to LPS. 
Untreated mice (•) were administered LPS (300 rig) at time 0, and the 
quantity of TNF-a in rhc BAL were compared with mice pretreated with 
M39 (□) over a series of times (see Materials and Methods). Each point 
represents the mean amount (pg/mousc) z SEM ofTNF-o recovered from 
the BAL from three to five animals. p< 0.01, compared with M39 
treated mice at the same time point. The effect of M39 on LPS -induced 
TNF-a release overtime is significant (p < 0.0001) by two-way ANOVA. 
B. MlP-2 in the murine airspaces in response to LPS. BAL samples from 
Fig. 5.4 were reanalyzed for MlP-2 in untreated mice (•) compared with 
mice administered M39 (□) over a series of times. Each point represents 
ihe mean amount Cpgmiousc) S SEM of MTP-2 recovered from the BAL 
from three to five animals. The-efiect of M39 on LPS-induced MlP-2 re- 
lease over time is not significant {p - 0.49) by two-way ANOVA. C. KC 
in the murine airspaces in response to LPS. BAL samples from Fig. 5^ 
were reanalyzed for KC in untreated mice (•) compared with mice ad- 
ministered M39 (□) over a scries of times. Each point represents the mean 
amount (pg/mouse) ± SEM of KC recovered from the BAL from three to 
five animals. The efiect of M39 on LPS-mduccd KC release over time is 
not significant (p « 0.73 ) by two-way ANOVA. 



was > 1000-fold higher (Fig. 35). Neither LPS-stimuIated neutro- 
phils nor AM were found to release significant quantities of KC 
under the conditions studied (fig. 3. A and B). ViabiUty of ncu- 
trophUs and macrophages treated with 1 0 jaM M39 ranged from 97 
to 99% equal to Ihe viability of the untreated cells (data not 
shown/ These results support the conclusion that in vitro inhibi- 
tion or p38 MAPK may result in a relatively greater loss of func- 
tional response by the neutrophil than by the AM 



B 




FIGURE 7. Systemic inhibition of p38 MAPK results in cUminished 
pulmonary inflammation. A. Pulmonary histology of a saline-treated 
mouse. At 24 h following intratracheal instillation of saline, the murine 
lungs were fixed and stained with hematoxylin and eosin (see Materials 
and Methods). Plate represents a representative field from one of two mice 
at X400 rrognification. B. Histologic changes associated with intratracheal 
adniinistration of LPS. Murine lung 24 b following mtratrachcol adminis- 
tration of LPS (300 ng/mouse): Plate depicts a representative field from one 
of four mice. C Effect of in vivo p38 MAPK inhibition on LPS-induced 
histological changes. Mice were administered M39 by gastric intubation 
(sec Materials and Method*) and then exposed to LPS in an identical manner 
as Fig. AB. Plate depicts a representative field from one of four mice. 



Characterization of murine pulmonary inflammation in response 
to intratracheal LPS 

To study the role of p38 MAPK activation in the lungs, a model of 
mild pulmonary roflammatian was developed. Following intratra- 
cheal administtation of LPS, leukocytes and selected cytokines 
were quantified from BAL samples over a series of time points. A 
dose of LPS was selected that would elicit an exuberant neutrophil 
influx, followed by a secondary accumulation or mononuclear cells 
(primarily macrophages and monocytes), with near complete res- 
olution by 72 h (Fig. 4A). The maximal neutrophil accumulation tn 
the airspaces occurred at 24 h following LPS installation (Fig. AA). 
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t'lGUttC 8. Systemic inhibition of p38 MAPK. results in decreased ac- 
cumulation of neutrophils in the airspaces independent of the whole lung. 
A Neutrophil accumulation in airspaces. Neutrophils recovered by BAL at 
24 h following intratracheal iwtillauon of saline or LPS (300 ng/mousc) 
with and without administration of M39 by gastric intubation (identical 
with the conditions depicted in Fig. 7). Each bar represents mean number 
of neutrophite S SEM from three animals. p < 0.01 by Student's / test 
comparing indicated condition. B, MPO content in lungs following BAL. 
To ^Ajterminejelaave qu^Ucs^ 

ing the neutrophils accumulated in the airspaces, the isolated lungs from 
the animals depicted in A were assayed for MPO following BAL. Each bar 
represents mean £ SEM of MPO activity per gram of lung tissue from 
three animals. p < 0.01 by Student's r test comparing indicated 
condition. 



In association with administration of LPS. production of TNF-a. 
MIP-2, and KC peaked within 4 h, returning to baseline by 12 h 
(Fig. 4B). Cytokine recovery was negligible by 24 h, the point at 
which neutrophil influx was greatest, suggesting that cytokine re- 
lease by neutrophils is minimal in this model 

Inhibition ofp38 MAPK In vivo results in dea eased leukocyte 
accumulation in the airspaces 

To quantify changes in inflammation observed in the setting of in 
vivo p38 MAPK inhibition, we conducted BAL studies over 72 h 
following administration of LPS. Numbers of neutrophils and 
mononuclear cells recovered by BAL in mice following intratra- 
cheal LPS were counted. Adrninistration of M39 resulted in sig- 
nificant reduction of neutrophil accumulation from 4 to 24 b (Fig. 
5,4). By 48 b, neutrophils were no longer present in the airways, 
but were replaced by monocytes/macrophages. When total 
mononuclear cells were evaluated, the effect of systemic p38 
MAPK inhibition was not" statistically significant (Fig. SB). 
Together, these plots support the conclusion that in vivo inhi- 
bition of p38 MAPK result primarily in reduction of the early 
neutrophil accumulation, with little effect on the later recruit- 
ment of monocytes/macrophages. 

Inhibition ofp38 MAPK in vivo results in decreased INF-a 
release in the airspaces 

BAL studies of mice 0-72 h following administration of LPS were 
analyzed forTNF-ou MiP-2, and KC. Only TNF-a was found to be 
significantly reduced by in vivo inhibition of p38 MAPK with M39 
(Fig. 6A), with no detectable change in the release of MIP-2 (Fig. 
SB) or KC (Fig. 5CV This data suggests that systemic inhibition of 
p38 MAPK can have divergent effects on cytokine release, and that 
release of the KC and MIP-2 chemokincs by resident pulmonary 
immune cells in the mouse is relatively less dependent on P 38 
MAPK signaling than TNF-a under the conditions studied. 




FIGURE 9. Effect of in vivo inhibition of p38 MAPK on KC-ioduced 
le^oc^loaccurnujauon ^ ^J^ ^^; A : ^^^^* c ? jm ^ oa 
in the murine airspaces Tin response to intratracheal KC. Mice pretreated 
with M39 (O) were administered KC ( I ug) at time 0, and cell analysis of 
BAL was compared with untreated mice (•) over a series of times (sec 
Materials and Medtods). Each point represents mean number of neutro- 
phils 2: SEM from three to seven animals. Analysis of data by two-way 
ANOVA indicated a significant imeraciion between M39-induccd inhibi- 
tion and lime, therefore the effect at each time point was analyzed sepa- " 
rately. Significant inhibition (*.p < 0.01) was found at 4 h. with inhibition 
approaching significance at 8 h (••, p ~ 0.028). No significant changes 
were present at 24 h {p « 0.95). 8, Leukocyte accumulation m the munne 
airspaces in response to KC. The total white blood cell count in BAL 
■ samples depicted in* Fig. 8.4 was counted in mice administered M39 O 
compared with untreated mice (•) over a scries of times. Each point rep- 
resents mean number of cells £ SEM from three to seven animals. Anal- 
ysis of data by- two-way ANOVA indicated a significant interaction be- 
tween M39-induccd inhibition and lime, therefore the effect at each rime 
point was analyzed separately. Significant inhibition (*. p < 0.01) was 
found at 4 and 8 h. No significant changes were present at 24 h (p - 0.99). 

Inhibition ofpSS MAPK in vivo results in diminished 
histological evidence of pulmonary inflammation 
The effect of in vivo p38 MAPK inhibition on flic histological 
changes of mild LPS-tnduced pulmonary inflammation were eval- 
uated. Animals were adrninistcrcd LPS intratracheally in the pres- 
ence and absence of M39and compared with saline-treated con- 
trols. After 24 h. LPS-treated mice (Fig. IB) demonstrated a 
significant interstitial and intraalveolar accumulation of leukocytes 
and edema when compared with saline treated animals (Fig. 7A). 
tn the presence of 38 MAPK inhibition, tnrlarnmatory changes 
were evident, but to a lesser extent (Fig. 7C). 

Inhibition ofp38 MAPK selectively blocks the accumulation of 
neutrophils into the airspaces 

Decreased neutrophil accumulation in the airspaces in response to 
LPS following inhibition of p38 MAPK could possibly be due to 
decreased retention of neutrophils in the pulmonary vasculature or 
lung mteretitiuri or by loss of the ability of the cells to migrate into 
the alveoli. The MPO assay was used to quantify the neutrophil 
burden in the pulmonary vasculature and interstirjum. Animals 
were administered LPS intratracheally in the presence and absence 
of M39 and compared with saline-treated controls at 24 h, identical 
with the conditions depicted in Fig. 7. A-C. Neutrophil accurau- 
lation in the airspaces was determined by BAL (Fig. ZA\ and 
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following BAL ihc isolated lungs were subjected to the MPO assay 
I Fig. Stf). Although sijjjuncant reduction in neutrophil accumula- 
tion is observed in the setting of in vivo p3S MAPK inhibition 
(Fig. W). the amount of neutrophils present in the isolated lungs 
with or without p38 MAPK inhibition are equivalent (Fig. 8B). 
These results support the conclusion that systemic inhibition of 
p38 MAPK results in a loss of migration of neutrophils into the 
airways, consistent with the effects of in vitro p38 MAPK inhibi- 
tion on neutrophil chemotaxis (Fig. 2). 

Decreased neutrophil accumulation by inhibition ofp38 MAPK 
in vivo occurs due to reduced neutrophil chemotaxic response^ 
Observed decreases in pulmonary innammation following sys- 
temic inhibition of p38 MAPK might occur due to diminished 
response of neutrophils to LPS. as a result of decreased TNF-a 
release (Fig. Ml or as a selective inhibition of neutrophil chemo- 
taxis (Fig. IB). To evaluate the effect of systemic p38 MAPK 
inhibition on neutrophil chemotaxis independent of LPS and 
TNF-a. a model using KC-induced pulmonary inflammation was 
studied'. KC is a potent and selective chcraoanractant for murine 
neutrophils that triggers little of the inflammatory cascade. KC was 
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was also observed in vivo. In response to intratracheal adminis- 
tration of LPS, the influx of neutrophils, but not mononuclear cells, 
was significantly decreased in the setting of systemic p38 MAPK 
'inhibition. Quantification of the neutrophil accumulation in the 
whole lung demonstrated that under the conditions studied only the 
airspaces have a reduction of the influx of neutrophils, supporting 
the in vitro analysis of the dependence of neutrophil chemotaxis on 
p38 MAPK activation. Recovery of TNF-a in the airspaces was 
reduced through p38 MAPK inhibition, but quantities of MTP-2 
and KC were not affected. When KC was used as a primary neu- 
trophil chemoattractant. secondary release of TNF-a and MlP-2 
was not evoked, but neutrophil influx was significantly blocked by 
systemic p38 MAPK inhibition. 

Although the MAPK cascades are highly conserved, it is now 
understood that specific utilization of the MAPK cascades differs 
between neutrophils, macrophages, and other cells. In monocytes 
or macrophage cell lines, LPS has been reported to activate p42/44 
(ERK) MAPK and JNK as wcU as the p38 MAPK cascade (31- 
33). Release of TNF-a by monocytes or macrophage cell lines can 
be blocked through selective inhibition of cither the JNK (32), p38 
MAPK(16), or the p42/44 (ERK) MAPK cascade (34). Disruption 
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M39, and BAL studies were performed from 0 to 48 h. Under the 
conditions studied, KC induced a rapid and self-limited migration 
of neutrophils that was significantly decreased by in vivo p38 
MAPK inhibition (Fig. 9/1). Unlike LPS. a substantial later accu- 
mulation of mononuclear cells did not occur in response to KC 
(Fig. 9Bl BAL analysis demonstrated no measurable release of 
MlP-2 and TNF-a and levels of KC within the airspaces decreased 
rapidly following administration (data not shown). These results 
suggest that decreases in LPS-induced neutrophil accumulation 
following systemic inhibition of p38 MAPK can occur due to re- 
duced neutrophil response, independent of TNF-a production. 

Discussion 

The murine model of lung inflammation described above uses a 
single, low-dose intratracheal administraUon of LPS to induce an 
acute inflammatory response characterized by rapid but self-lim- 
iting release of cytokines, followed by the transient influx of neu- 
trophils and a secondary accumulation of mononuclear cells. This 
model was designed to study the critical early stages of lung in- 
llammauon in which neutrophil recruitment is a central feature. By 
limiting the extent of the initial insult many of the features that 
contribute to the perpetuation of severe inflammation were 
avoided, including sustained release of cytokines, ongoing recruit- 
ment of leukocytes, significant damage of the parenchyma, and 
ultimately a significant mortality rate. 

Through in vitro studies of various cell lines and primary cells, 
p38 MAPK has been linked to a variety of inflammatory responses. 
With the recent development of potent and specific inhibitors, the 
role of p38 MAPK in both in vitro systems and complex in vivo 
models of inflammation can be studied. Murine neutrophils were 
found to have nearly identical activation of p38a MAPK in re- 
sponse to stimulation by LPS with what has previously been re- 
ported in human neutrophils. Treatment of murine neutrophils with 
the novel p38 MAPK inhibitor M39 resulted in significant inhibi- 
tion of p38a MAPK activity. Important functional effects of p38 
MAPK inhibition in the murine neutrophil were the loss of che- 
motaxis toward MlP-2 and KC and the loss of TNF-a and MIP-2 
release in response to LPS. Unexpectedly, parallel studies of mu- 
rine AM demonstrated a 1000-fold greater concentration of M39 is 
required to block release of TNF-a, MIP-2, or KC The greater 
sensitivity of neutrophils to inhibition of the p38 MAPK cascade 
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failed to reduce TNF-a release by peritoneal macrophages in re- 
sponse to LPS (35). In T cells, inhibition of p38 MAPK has less of 
an effect on TNF-a release than does inhibition of the p42/44 
(ERK) cascade (36). In contrast, LPS. stimulation of neutrophils 
does not result in activation of the p42/44 (ERK) MAPKs or the 
JNKs (17, 18. 37). As a short-lived, terminally differentiated pri- 
mary cell, the neutrophil possesses a more limited synthetic capa- 
bility and. in response to LPS. uses fewer of the available intra- 
cellular signal transduction mechanisms. Thus, the selective loss of 
neutrophil function in the setting of systemic p38 MAPK inhibi- 
tion suggests' that neutrophils are relatively more dependent on 
signal transduction via the p38 MAPK cascade than AM. 

Although considerable recent interest has been focused on the 
activation and function of p38 MAPK, there are few reports of in 
vivo inhibition of this signaling pathway. The pyridinyl imadazole 
compounds, including SB203580 and SK&F86002, are the most 
widely studied p38 MAPK inhibitors and have been shown to pos- 
sess antiinflammatory properties in animal models. These early 
p38 MAPK inhibitors were shown to reduce neutrophil influx in 
response to monosodium urate- or carragccnan-induced peritonitis 
(38) and collagen-induced arthritis (39, 40). In response to up. 
injection of LPS, administration of these compounds resulted in 
decreased recovery of TNF-a by peritoneal washout (41) and de- 
creased serum TNF-a and mortality in a murine model of endo- 
toxin shock (40, 42, 43). The antimflammatory effects of these p38 
MAPK inhibitors occurred in the absence of generalized immuno- 
supression (40, 41, 44, 45). The effects of systemic p38 MAPK 
inhibition on pulmonary mflarnrnation has not been described. To 
date, nearly all studies of the functional role of p38 MAPK have 
used the compound SB20358O, which has an IC*, - 39 S 11 nM 
for p38 MAPK as well as considerable inhibitory effects toward 
c-Raf (ICo - 330 ± 155 nM) and JNK2al (IC* - 290 X 110 
nM). In comparison, M39 has an IC 50 - 0.1 1 3: 0.046 nM for p38 
MAPK and is significandy less active toward c-Raf (lCjo * 
>1000 nM) orJNK2al (IC*, - 675 nM) (25). As a more potent 
and selective p38 MAPK inhibitor, M39 is better suited for in vivo 
studies than previously available compounds. 

Id the murine model of mild LPS-induced pulmonary inflam- 
mation, the predominant effect of in vivo p38 MAPK inhibition 
was to reduce recruitment of neutrophils. Based on in vitro che- 
motaxis assays to MIP-2 and KC, it would appear that this effect 
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can occur as a result of decreased neutrophil response. BAL mea- 
surement of chemokine levels support this conclusion, as neither 
KC nor MIP-2 release was decreased in animals treated with M39. 
lu addition, in vivo inhibition of p38 MAPK blocked neutrophil 
accumulation in response to intratracheal administration of KC. 
independent of LPS or TNF-a. Although decreased TNF-a release 
following LPS stimulation was detected in animals treated with 
M39, this effect appears to be of secondary importance under the 
conditions studied. The apparently greater dependence of neutro- 
phils on p38 MAPK signaling when compared with resident ceils 
of the lung suggests the potential for selective analysis and mod- 
ulation of neutrophil influx in pulmonary inflammation. 
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Abstract 

The aim of the present study was to evaluate p38 MAPK activation following focal stroke and determine whether SB 239063, a novel 
second generation p38 inhibitor, would directly attenuate early neuronal injury. Following permanent middle cerebral artery occlusion 
(MCAO), brains were dissected into ischemic and non-ischemic cortices and Western blots were employed to measure p38 MAPK 
activation. Neurologic deficit and MR imaging were utilized at various time points following MCAO to monitor the development and 
resolution of brain injury. Following MCAO, there was an early (15 min) activation of p38 MAPK (2.3-fold) which remained elevated up 
to 1 b (i.8-fold) post injury compared to non-ischemic and sham operated tissue. Oral SB 239063 (5, 15, 30, 60 mg/kg) administered to 
each animal 1 h pre- and 6 h post MCAO provided significant (P<0.05) dose-related neuroprotection reducing infarct size by 42, 48, 29 
and 14%, respectively. The most effective dose (15 mg/kg) was further evaluated in detail and SB 239063 significantly (/><0.05) reduced 
neurologic deficit and infarct size by at least 30% from 24 h through at least 1 week. Early (i.e. observed within 2 h) reductions in 
diffusion weighted imaging (DWI) intensity following treatment with SB 239063 correlated (r*=0.74, P<0.01) to neuroprotection seen up 
to 7 days post stroke. Since increased protein levels for various pro-inflammatory cytokines cannot be detected prior to 2 h in this stroke 
model the early improvements due to p38 inhibition, observed using DWI, demonstrate that p38 inhibition can be neuroprotective 
through direct effects on ischemic brain cells, in addition to effects on inflammation. © 2001 Elsevier Science BV. All rights reserved. 
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1. Introduction 

The mitogen activated protein kinase (MAPK) family is 
composed of three main groups of kinases. Included 
among these kinases are the p42/44 extracellular-signal 
regulating kinase (ERK), c-Jun N-terminal kinase (JNK), 
and the p38 kinases [28,37]. The MAPK can be further 
divided into two major subfamilies; those regulated by 
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growth factors promoting survival (ERK) and the stress 
activated protein kinases (SAPKs) which regulate apop- 
tosis and inflammatory cell death [27,29,31,42]. 

Activation of the p38 MAPK pathway (phosphorylated 
p38 MAPK) has been implicated in playing a role in the 
regulation of prc-inflammatory cytokines and apoptosis 
[27,30,31,42]. In particular, in vitro studies demonstrated 
that monocytes require activation of p38 MAPK for LPS 
induced cytokine release. Inhibition of the p38 MAPK 
pathway using SB 203580 (specific for p38ct and p38P) 
resulted in an inhibition of cytokine release from stimu- 
lated monocytes [26]. Several studies have demonstrated 
that p38 MAPK may regulate the transcription of cytokine 
mRNA [2] and/or possibly the translation of cytokines by 
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inhibiting the critical step of phosphorylation of an AU- 
rich (AUUUA) repeat in tHfe 3' end of ; mRNA [25]. SB 
203580 also was effective at reducing TNFa, JLrlp 
production [25,29,30,39,43] as well as the expression of 
several other inflammatory cytokines, including; -IL-6 
[10,24] and IL-8 [17, 19,20,24,29,3 5], thus significantly 
impacting on the inflammatory process and ultimate degree 
of tissue injury. Inhibition of p38 with SB 239063 sup- 
pressed LPS-induced increased plasma TNF levels and 
reduced adjuvant arthritis paw inflammation in the; Lewis 
rat [4] and was 3-fold more potent than the first generation 
inhibitor SB 203580. Although the exact mechanism is not 
fully understood, both in vitro and in vivo stu^^ have 
demonstrated that inhibition of p38 MAPK correlates with 
decreased levels of prormflammatbry ^okine release 



In a recent study, we also demonstrated that protein 
concentrations for IL-6 and IL-lra did not significantly 
% increase .until 12 h following distal ^ electro^agulation^ of 



anesthesia (i.e. until normal locpmptor activity returned). 
Animals were anesthetized with pentobarbital (65 mg/kg, 
i.p.) and underwent permanent middle cerebral artery 
occlusion (MCAO) as described previously [5-7]. Briefly, 
the middle cerebral artery was exposed through a 2-3- 
xi^^imiDa!^^ made just rostral to the zygomatic- 
squamosal slaill suture and occlusion of the middle 
cerebral artery was achieved at the level of the inferior 
cerebral yein. 

22. Western analyses for p38 MAPK 

For Western blotting experiments, the brain was re- 
moved and rapidly dissected into ischemic (I) and non- 
ischemic control cortices (C) and snap frozen at -80°C 
Both cortices were homogenized in 1 ml of standard lysis 
buffer for every 100 mg of tissue wet weight. Based on 
protein assay, equivalent amounts of protein (e.g. 30 p,g/ 
well) were be loaded onto a 10% Bis Tris Gel from Novex. 



Ihe middle^erebM"artefy [3 In addition, the increased- 
levels of IL-1P were biphasic increasing at 4 h, approach- 
ing baseline, and then significantly increasing again at 12 
h ' The timing of increased protein levels agrees with the 
infiltration of inflammatory cells as assessed by 
myeloperoxidase activity in this particular model. Since 
cytokine production and neutrophil Infiltration can be 
delayed up to 12 h or may fall bdpw the lo^er lirnit of 
quantification at these time points, p3 8 MAPK inhibitors 
may be beneficial via additional /alternative mechanisms. 

The rapid phosphorylation of p3 8 following seypre 
stroke [22] suggests that the activation of this rignaling 
cascade may be, to some degree, independent of the brain 
inflammatory response. The effects ofSB 239063, a novel, 
second-generation p38 inhibitor, have been evaluated in ah 
in vitro model of oxygen-glucose deprivation induced 
neuronal cell death [4]. SB 239063 significantly reduced 
hippocampal CA1 cell death (up to 40°/o) produced by this 
in vitro ischemia in cultured organotypic brain slices. 
These in vitro data suggest that p38 inhibition may directly 
protect neurons, independent of blood flow effects, in 
addition to effects at blocking inflammatory cytokine/ 
mediator productioa Therefore, the aim of the present 
study was to examine the temporal profile of p38 MAPK 
phosphorylation following moderate focal stroke and to 
determine whether SB 239063 provides very early direct 
neuronal protection in vivo. 



2. Methods 

2.7. Middle cerebral artery occlusion 

Male spontaneously hypertensive rats (SHR; Taconic 
Farms, Germantown, NY) weighing 300-350 g, were used 
in this study. Body temperature was maintained at 37°C 
during all surgical procedures and during recovery from 



"The^gei was run at a constenFl 30-V~f6r L W : m^ 
was transferred at 100 V for 1 h at room temperature or 
overnight at 4°C at 23 V to a nitrocellulose membrane 
(Protran, Schleicher and Schuell BA85, 0.45->Jun pore). 
After the transfer step, the membrane was soaked in 
blocking solution (ZyMed) for I h at room temperature. 
The membrane was then washed quickly twice and then 
three times with IX Tween/DPBS for 10 min each on an 
orbital shaker. The primary antibody (New England 
Biolabs kit #9210) was diluted 1:1000 in blocking solu- 
tion and allowed to incubate overnight at 4°C on slow 
shake. The membrane was then washed three times as 
described above. The 2°C HRP-linked antibody (New 
England Biolabs) was diluted 1 :2000 (anti-rabbit HRP) in 
blocking Ablution for 1 h at room temperature on a slow 
shaker. Following incubation with the secondary antibody, 
the membrane was washed twice quickly followed by two 
10-min washes as above. The membrane was then soaked 
in^jECL reagent (Amersham RPN 2106 1:1 ration of 
reagent 1 and reagent 2) for 1 min (EtL was not mixed 
more than 15 min prior to use). The membrane was placed 
in a hypercassette (Amersham RPN 1 1648) with hyperfilm 
(Amersham RPN 1674H) and exposed for between 30 s 
and 1 min to develop the film. Western blots were scanned 
and densitometries were calculated using NM 1.62 Image 
Quaiit software. Data are represented as a relative fold 
increase in the amount of p38 MAPK in the ischemic and 
non-ischemic cortices relative to sham operated tissue on 
the same side of the brain. This ratio allows for direct 
comparisons between blots as well as for different expo- 
sure times. 

23. Dose range for oral SB 239063 

The dose volume for oral studies using SB 239063 was 
10 ml/ kg. The vehicle was prepared using a 0.5% 
tragacanth (Sigma, St. Louis, MO) solution and hydrochlo- 
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ric acid (pH 3.0-3.5). SB 239063 powder was added to the 
solution and the pH was maintained at 3.0-3.5 for optimal 
effectiveness. In order to determine the most effective 
dose the animals received a dose of 5, 15, 30, and 60 
me/kg 1 h prior to middle cerebral artery occlusion and a 
subsequent dose of SB 239063 at 6 h post MCAO. 

2.4. Histologic evaluation of infarct size 

Rats were euthanized by an overdose of sodium pen- 
tobarbital (200 mg/kg, i.p.)- The brains were immediately 
removed and 2-mm coronal sections were cut from the 
entire forebrain area (i.e. from the olfactory bulbs to the 
cortical-cerebellar junction), using a brain slicer (Zivw- 
Miller Laboratories). The coronal sections were immedi- 
ately stained in a solution of 1% triphenyltetrazolium 
chloride as described [8]. Sections were transferred to 10% 
formalin (in 0.1% sodium phosphate buffer) for at least 24 
h and then photographed and analyzed as described 
_,.previously46,7].:Bri^^ 

an Optimas image analysis system (DataCell) and the 
degree of brain damage was corrected for the contribution 
made by brain edema/ swelling as described previously 
[33 38]. Hemispheric swelling and infarct volume (mm ) 
were calculated from infarct areas measured from the 
sequential forebrain sections. Infarct size was expressed as 
the percent infarcted tissue in reference to the contralateral 
hemisphere. Slice by slice analysis was also performed to 
evaluate the extent of agreement between histology and 
MRI determinations of brain injury. 



2.5. Diffusion weighted imaging 

The magnet was programmed to acquire both diffusion 
weighted and T2 weighted images. For magnetic resonance 
imaging, the animals were intubated for respiratory gating 
and were subsequently maintained on a mixture of 1.5-3 A 
isoflurane and 0.8 1/min of medical grade air. The core 
body temperatures of the animals were monitored with a 
rectal probe and maintained at 37±1°C. Diffusion weight- 
ed imaging (DWI) was performed using a full birdcage 
resonator on a 4.7 T/40 cm Broker ABX spectrometer 
equipped with a gradient coil insert as described previously 
[121 Briefly, DWI data were collected as follows: SE: 
TR/TE=1500/45 ms; 128X128; FOV-3X3 on; slice 
thickness=2 mm; C-10 G/cm; A-25 ms; 4 NEX; 5=10 
ms- 6-factor=l550 s/mm'. The animals were placed in 
the magnet within the 1st hour and a half post surgery and 
data were acquired at a 2-h time point Following imaging, 
the animals were allowed to recover from anesthesia under 
supervision. All MR images were transferred to an SGI 
UNIX workstation and were analyzed with the software 
package ANALYZE™ (CN Software, UK) in exactiy the 
same manner as histologic sections were analyzed. Infarct 
assessment and hemispheric volume was obtained by 
manual tracing. The percent of hemispheric infarct was 



calculated over all slices (2 the area of lesion per slice/I 
the contralateral area per slice) for each animal using three 
data sets acquired at 2 h. T2 weighted MR images were 
acquired at 24 h and 7 days post injury and hemispheric 
infarct was calculated as described above. 

2.6. Assessment of neurologic deficit 

Each rat then was evaluated for neurological deficits 
using two graded scoring systems as previously described 
[6,7,9]. The neurologic condition of the rat was assessed at 
24' h and 7 days after the ischemic insult. The animals were 
assigned a numerical score ranging from 0 (no observable 
evidence of neurologic deficit) to 3 (most severely injured) 
as described by Bederson et al. [9]. In addition to the 
Bederson test, rats underwent various sensorimotor and 
proprioception behavioral tests further evaluating forelimb 
and hindlimb function. Collectively, the Bederson score, 
hindlimb, and forelimb individual scores were added 
^together.- Abnormal- healthy^ nU would have a- global - 
neurologic score of 0. A rat with maximal neurologic 
deficit would have a global neurologic score of 7. 

2.7. Statistics 

Absolute measurements (e.g. infarct volume, densitom- 
etry) for each individual parameter were analyzed by 
parametric and non-parametric analyses of variance 
(ANOVA). Post hoc comparisons among groups were 
evaluated using Fisher's protected least significant differ- 
ences (LSD) and Dunnett's test where appropriate. Neuro- 
behavioral scores were evaluated using Kruskal -Walhs 
median test Differences among groups were assessed 
using Mann-Whitney l/-test 



3. Results 

3.1. Evidence of p38 phosphorylation 

To determine whether the activity of p38 MAPK was 
altered following permanent middle cerebral artery occlu- 
sion, ischemic (n=4) and control cortices (*=4) were 
subjected to Western analysis using p38 and phospho p38 
MAPK antibodies. There were no significant changes in 
non-phosphorylated p38 MAPK levels between sham-oper- 
ated and MCAO animals from 15 min to 5 days post stroke 
(figure not shown). Fig. 1 demonstrates a very rapid 
activation of p38 MAPK Levels of phosphorylated P 38 
MAPK were significantly (/><0.05) upregulated at both 15 
min (2.3-fold) and 1 h (1.8-fold) post injury compared to 
non-ischemic and sham-operated tissue. The levels re- 
turned to baseline by 4 h and there were no significant 
changes up to 5 days post injury or in sham operated tissue 
at 15 min, 1, 4, or 24 h. 
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Sham 



Fig. 1. Changes in phosphorylated p38 MAPK following MCAO in the 
rat. Ischemic tissue (n»4) and control tissue (n«4) are represented as 
mean:rS.E. The mean for each group is normalized to sham tissue run on 
the same gel. Comparisons were considered significant if * P<0,05. 



32. Dose related neuroprotection 

In order to further evaluate whether selective p38 

-inhibit^ 

neuroprotective following MCAO, simple behavioral tests 
to assess neurologic function and triphenyltetrazolium 
chloride staining for histologic measures were utilized to 
evaluate several doses of SB 239063 (n-6-10 per group). 
Control animals received an equal volume of acidified 
tragacanth (vehicle). SB 239063 provided significant 
neuroprotection in stroke (Fig. 2). The vehicle treated 
group exhibited an infarct volume of 148±8 mm and a 
consistent neurologic grade score of 2.6±0.L Animals, 
which received the lowest dose (5 mg/kg) of SB 239063, 
had significantly (P<0,05) less neurologic deficits as 
evidenced by a mean neurologic score of 1.9±0.5 com- 
pared to the vehicle treated group. This neurologic protec- 
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Fig. 2. Dose-related effects of oral SB 239063 on inferct volume 
following MCAO. Oral administration of SB 239063 at 5, 15, and 30 
mg/kg significantly reduced total infarct volume at 24 h following 
MCAO (n«6-10/group). All data are represented as meaniS.E. Differ- 
ences were considered sigmncant at • J»<0.05 and P<0-0\ compared 
with vehicle treated group. 



tion correlated to a 42% (P<0.01) reduction in total infarct 
volume. (86 ± 12 mm 3 ). The most dramatic neuroprotec- 
tion, with improvements in behavior, and reductions in 
infarct size, were observed in the group of animals treated 
with 15 mg/kg of SB 239063. Animals within this group 
had a significantly (P<0.01) lower mean neurologic score 
(1.5±0.3) as compared to the vehicle treated group. The 
behavioral improvements correlated to a 48% reduction in 
infarct volume (77±11 mm 3 ) which was significant (?< 
0.01) over vehicle treated animals, A higher dose of SB 
239063 (30 mg/kg) was also neuroprotective. At this dose, 
behavioral deficits were significantly (P<0.05) reduced 
and infarct volume was reduced (/ > <0.05) by -29%. At a 
dose of 60 mg/kg, SB 239063 did not reduce functional 
deficits (2.3 ±0.4) or confer any significant histologic 
protection (14%). Fig. 3 demonstrates that the optimal 
dose of SB 239063 (15 mg/kg) provided significant 
neuroprotection throughout the forebrain. These relation- 
ships for total infarct volume were also evident for percent 

were corrected for swelling. 

33. Development and resolution of infarct size 

To better evaluate the neuroprotective effects following 
p38 inhibition with the most effective oral dose of SB 
.239063 (15 mg/kg), global neurologic deficit (GND), 
diffusion weighted imaging (DWI), and T2 weighted MRI 
were evaluated following MCAO to monitor both the 
development and resolution of the infarct. DWI was used 
to measure the early effects of cytotoxic edema to reflect 
the areas ultimately at risk of irreversible injury. This has 
been shown previously to reflect ultimate degree of injury/ 
protection in this model [12]. We have previously demon- 
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Fig. 3. Effects of SB 239063 (15 mg/kg) on infarct volume ova- 
sequential forebrain slices. Brain sections correspond to various distances 
from the skull landmark bregma for vehicle treated and SB 239063 (15 
. mg/kg) groups. This figure demonstrates the significant neuroprotection 
exhibited throughout the forebrain as a result of oral administration of SB 
239063 (15 mg/kg). All data are represented as mean±S.E. Differences 
were considered significant at * /><0.05 compared with vehicle treated 
group. 
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strated a very high collation (r>0 90, P<0.01) I between 
TTC histology and T2 weighted MM at 24 h post MCAO. 
In this particular study, using a separate group of nnA 
treated with either vehicle (n=5) or 15 rng/kg SB 239063 
(„=$) this relationship was reconfirmed and agaui highly 
correlative (r-0.94, P<0.01). At 2 h post injury, there 
was a significant (P<0.05) reduction in the area at rale 
(e g cell depolarization, diffusibility of water) for the SB 
239063 (109.7±9.7 mm 5 ) treated group compared to the 
vehicle group (160.8*9.3 mm 5 ). At 24 h post iqM» 
was -30% reduction in infarct size between the SB 239063 
(146.8*7.8 mm 5 ) and the vehicle t^ted group 
(206 4*11.3 mm 5 ). There was a good correlation (r-0.74, 
P<0 oT) between the protection observed using early DWI 
tn =9/group) and 24 h T2 MR imaging (n=9/group). At 1 
day post MCAO, SB 239063 (15 mg/kg) therefore, 
provided dramatic neuroprotection which was associated 
with a significant (P<0.01) reduction in neurologic deficit 
from 4 4*0.4 in the vehicle treated group to 1.6*0.3 in 
-animate 

• • _ r*r» **^fSf\£.^ /I < »-v\rr /I/O 1 main- 
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MCAO, animals receiving SB 239063 (15 mg/kg) main- 
tained a 30% reduction in infarct size which was signifi- 
cant (P<0.05) compared to the vehicle treated group. The 
neuroprotection that was observed with T2 weighted MM 
over time is represented in Fig. 4. The neuroprotection as 
assessed by infarct size was not attributable to any 
significant differences in amount of swelling within the 
injured brain between the treatment groups. By day 7, the 
ischemic hemisphere had become significantly smaller due 
to macrophage. Identical results were obtained when the 
infarct volumes were corrected for swelling. At 7 days post 
injury, SB 239063 (15 mg/kg) ajsp significantly (£<<>01) 
improved neurologic outcome assessed by a GND of 



1.2±0.2 compared to 3.8*0.5 for the vehicle treated 
group. 



4. Discussion 

4.1. p38 Mitogen activated protein kinases 

This was the first study designed to examine the 
temporal relationship of p38 activation following moderate 
focal stroke, where this type of ischemia produces a 
discrete cortical infarct In the normal brain, p38 (non- 
phosphorylated) is present in a wide variety of cell types 
including neurons, astrocytes, endothelial cells and 
leukocytes. Following permanent middle cerebral artery 
occlusion, we did not expect or observe any changes in 
non-phosphorylated p38 MAPK at any of the time points 
(15 min to 5 days) evaluated. The levels of non-phos- 
phorylated p38 MAPK wereneariy Jd^caLbetween b^h 
"The rsai^c^d'^^«erat-control-henu^heies-^r- 
injured and sham-operated animals. These results are 
consistent with an earlier study where Walton et al. 
reported no change in p38 MAPK levels following bilater- 
al common carotid occlusion [41). 




2 Hour DWI 24 Hour T2 7 dayTZ 
Time Post Surgery 

Fit 4 Effects of SB 239063 (15 mg/kg) on infarct volume over a 7-day 
pelted. All data are represented a. m«±U. DitT«e»« J- ^ 
ered significant at • /»<0.05 compared to vehicle, f<0.01 compared 
u> vehicle, and t KMS compared to day I. 



42. p38 MAPK and delayed cell death 

In the same study, however, following 7 min of global 
ischemia, gradual changes in activated/phosphorylated P 38 
MAPK activation were observed over 47 days with the 
peak appearing at 4 days [41). This type of stimulus 
usually leads to apoptotic cell death over the course of 1 
week Bhat et al. have studied this response in more detail 
using Nissl-stained sections and demonstrated that the loss 
of CA1 pyramidal neurons was maximal between 3 and 4 
days after ischemia. Taken together, these results along 
with several others suggest that P 38 activation may play a 
role in apoptotic cell death [11,21,27,36,42]. Several 
studies have evaluated the effects of P 38 inhibition follow- 
ing apoptosis [18,21.23,27,34.36.42]. In cultured cerebellar 
granule neurons, SB 203580 prevented the activation of 
caspase 3 activity as well as glutamate-induced apoptosis 
[18,23] In PC12 pheochromocytoma cells, withdrawal ot 
nerve growth factor induces apoptotic ceU death which is 
preceded by P 38 MAPK activation [27]. Within PC12 
cells, apoptosis (programmed cell death) may be regulated 
by a balance of survival promoting extracellular signal 
regulating kinases (ERK) and stress-activated protein 
kinases (SAPK) [42]. SB 203580 abolished this apoptotic 
cell death and enhanced neuronal survival within this cell 
culture system [21.42]. However, there are only limited 
studies evaluating the effects of P 38 activation and inhibi- 
tion following stimuli that result primarily in necrotic cell 
death [4]. 
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4.3. Activation of the p38 pathway following focal 
stroke 

In the present study, P 38 MAPK activity was evaluated 
following moderate focal stroke where cell death primarily 
occurs in cortical tissue via necrosis. Following MCAO, 
there was an early and robust activation of p38 MAPK at 
15 min post injury which was maintained at 1 h but then 
returned to baseline levels by -4 h post MCAO. These 
data are consistent with previous data demonstrating that 
p38 MAPK activation is an early response to the cellular 
stress (i.e. ischemia, ATP depletion, ionic changes) elicited 
by severe focal ischemia [4]. The early increases in p38 
activation are also in agreement with immunohistochemi- 
cal changes in p38 MAPK phosphorylation observed in 
other models of focal stroke. In particular, p38 activity 
increased early as observed at 1, 3 and 6 h following 
thread MCAO [4], and was prolonged, remaining elevated 
for at least 24 h, following transient MCAO [22]. There- 
- forer me :: changes-ih- P38-- MAPK wtivation ^ mayrJje 
differentially regulated in response to either the duration 
and/or intensity of the stimuli. The rapid activation of p38 
post-ischemia may be directly neurodestructive to the 
neurons rather than inducing a delayed cell death via 
apoptosis. In this SHR model of moderate focal stroke, the 
damage is maximal within the first 24 h and primarily 
restricted to the cortex. In addition, there is little evidence 
for apoptotic cell death in this model. 

Rapid activation of P 38 MAPK has also been observed 
following myocardial/ischemia reperfusion injury [34]. 
The maximal level of p38 MAPK activation in isolated 
Langerdorff perfused hearts was at 10 min following 
reperfusion which is consistent with the results obtained in 
this study. Pre-treatment with SB 203580, a specific p38 
inhibitor, significantly improved post-ischemic cardiac 
function but treatment initiated after 10 min had no effect. 
Having established significant activation/ phosphorylation 
of p38 MAPK in the brain up to and including 1 h 
following moderate focal stroke, the current study - was 
designed to determine whether inhibition of p38 MAT*, 
activation would provide early direct neuroprotection 
following ischemia. 

4.4. Early neuronal protection using SB 239063 

SB 239063 is a second generation pyridinyl imidazole 
compound with potent activity and improved selectivity 
[4]. Specific p38 MAPK inhibitors have been widely 
studied in both in vivo and in vitro models. The early rapid 
activation of p38 in this model suggests that treatment may 
be most beneficial if initiated prior to or at the time of peak 
activation. In the present study, SB 239063 (administered 1 
h pre- and 6 h post MCAO) provided significant neuro- 
protection following focal stroke. We have also 'Previously 
demonstrated that intravenous treatment, with SB 239063, 
was neuroprotective when initiated within the first 15 nun 



following MCAO [4]. In a separate study intravenous 
treatment with SB 239063 prevented activated p38 from 
phosphorylating its downstream targets at plasma levels 
that provided significant neuroprotection from brain injury 
[3]. Although we have demonstrated that SB 239063 
blocks p38 activity at 1 h and is neuroprotective when 
administered prior to or at the time of peak activation, we 
have not fully evaluated the therapeutic window for this 
class of drug. The most effective dose of SB 239063 (15 
mg/kg) was then evaluated using MR imaging to monitor 
both the development and resolution of the infarct from 2 h 
to 7 days post MCAO. There was a striking difference in 
(Uffusion weighted imaging (DWI) at 2 h post MCAO. The 
DWI contrast is based on lack of mobility of water in the 
extra-cellular environment. During the initial phases of 
ischemic injury, areas where the extracellular space is 
dramatically reduced (restricted for free water mobility due 
to cell swelling) are highlighted by this technique [40]. 
Therefore, it is implied that DWI measures the eaily 
effects; of cytotoxic : edema,£Ehus, the size..of the. infarct 



very early Mowing stroke in essence reflects the areas ' 
ultimately at risk of irreversible injury but not necessarily 
irrevocably injured at that early time point In fact, a good 
agreement with post-mortem, histology demonstrates that 
areas at risk, as predicted by DWI early following MCAO 
in this model, do finally get damaged permanently as 
measured by TTC staining at 24 h [12]. At 24 h post 
injury, the animals treated with SB 239063 exhibited a 
30% reduction in infarct volume compared to vehicle 
treated animals. Therefore, the data demonstrate that the 
protection observed at 2 h is identical to the neuroprotec- 
tion seen at 24 h. By 7 days post injury, both infarct size 
and hemispheric size had decreased due to the phagocytic 
activity of macrophages which creates a cavitation within 
the necrotic tissue and was probably responsible for 
the decrease in hemispheric volume [13] but the 30% 
protection in the drug treated group was maintained. 
Overall, the data demonstrate that treatment with SB 
239063 (15 mg/kg) provides dramatic neuroprotection up 
to and including 7 days post MCAO. Since the protection 
observed at 7 days was identical to that assessed by DWI 
at 2 h, it appears that no additional cell death (e.g. via 
apoptosis) had occurred over 1 week. The data also suggest 
that the reduction in DWI hyperintensity observed at 2 h 
following treatment with SB 239063 may be attributed to a 
direct protective effect on brain cells. This in vivo > study is 
in agreement with previous findings where SB 239063 (20 
aM) significantly reduced hippocampal CA1 cell death (up 
to 40%) produced by OGD in cultured organotypic brain 
slices [4]. These in vitro data suggest that p38 inhibition 
may directly, protect neurons, independent of blood flow 
effects, in addition to effects at blocking inflammatory 
cytokine/mediator production. We have previously demon- 
strated that SB 239063 has no cardiovascular or cerebro- 
vascular effects in spontaneously hypertensive rats (SHR) 
[4]. SHR were chosen because they exhibit a more 
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consistent degree of brain damage following permanent or 
transient focal ischemia than do normotensive rats using 
dorsal electrocoagulation of the MCA [6] because of the* 
limited collateral circulation [14-16]. ™» im- 

provements in neuronal injury following p38 mhibmon do 
reflect final outcome up to and including 1 week post 

Studies are ongoing to determine the effective therapeu- 
tic window for SB 239063 Mowing focal stroke. In 
addition multiple in vitro cell systems are being utilized o 
Tetter understand bow SB 239063 may be mterfenng with 
the early pathophysiological events. These detailed m vmo 
studies are necessary to fully understand *e role of p38 
following ischemia and the mechanism(s) by which it can 
be beneficial. 
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Summary: Wc report that SB203580 (SB), a specific inhibitor 
W-p384*APKrprot^ 

jury in an in vivo model. SB was applied by local infusion into 
the subsequently ischemic myocardium for 60 min before a 
60-min period of coronary occlusion followed by 60-min reper- 
rusion (index ischemia). Infarct size was reduced from a control 
value of 69 J ± 11% to 36.8 ± 3.7%. When SB was infused 
systemically for 10 min before index ischemia, infarct size was 
reduced to 36.1 1 5.6%. We measured the content of phosphor- 
ylated p38-MAPK after systemic infusion of SB and Krebs- 
Henselcit buffer (KHB; negative control) and during the sub- 
sequent ischemic period using an antibody that reacts 
specifically with dual-phosphorylated p38-MAPK (Thrl80/ 
Tyrl82). Ischemia with and without SB significandy mcreased 
phospho-p38-MAPK, with a maximum reached at 20 min but 
was less at 30 and 45 min under the influence of the inhibitor. 
The systemic infusion of SB for 10 min before index ischemia 
did not significantly change the p38-MAPK activities (com- 
pared with vehicle, studied by in-gel phosphorylation) 2S20 mm 



of ischemia, but activities were reduced at 30 and 45 min. 
Measurements:of_p38rMAP_K :jsS^^m^^mM^!^l. 
SB was present during in-gel phosphorylation showed signifi- 
cant inhibition of p38-MAPK activities. The systemic infusion 
of SB significantly inhibited the ischemia-induced phosphory- 
lation of nuclear activating transcription factor 2 (ATF-2). Us- 
ing a specific ATF-2 antibody, we did not observe significant 
changes in ATF-2 abundance when nuclear fractions from un- 
treated, KHB-, and SB-created tissues were compared. We in- 
vestigated also the effect of local and systemic infusion of SB 
on the cardioprotection induced by ischemic preconditioning 
(IP). The infusions (local or systemic) of SB before and during 
the IP protocol did not influence the infarct size reduction 
mediated by IP. The observed protection of the myocardium 
against ischemic damage by SB points to the negative role 
of the p38-MAPK pathway during ischemia. Key Words: 
SB203580 — Protein kinases— p38-MAPK— Ischemia/reperfu- 
sion — Pig. 



Stressful stimuli applied as brief pulse trains condition 
most tissues so that they become more tolerant against 
longer lasting stresses, significantly delaying the onset of 
irreversible damage (1). The molecular mechanism of 
this increase in stress tolerance, especially 'that toward 
ischemia, is not entirely clear, but mitogen activated pro- 
tein kinases (MAPKs), which are involved in the signal- 
transduction pathways, may play a role. In previous re- 
ports we have shown that brief ischemic pulses lead to 
changes in the expression of the cardiac protooncogenes 
that may participate in the adaptive response (2,3). Since 
the protooncogene-based transcription factors are acti- 
vated by membrane and cytoplasmic signaling cascades, 
we studied the involvement of three MAPK pathways 
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(extracellular signal-regulated kinases, ERKs; stress- 
activated/c-Jun N-terminal kinases, SAPK/JNKs; and 
p38-MAPK) and found that they react to brief ischemia 
and reperfusion in a very specific way: the ERKs mod- 
erately increased activity during brief ischemia but mark- 
edly during reperfusion, the SAPK/JNKs become active 
only during reperfusion, and the p38-MAPK was acti- 
vated only during ischemia and deactivated during the 
following reperfusion and subsequent period of ischemia 
(4). MAPK pathways can also be influenced by pharma- 
cologic agents that specifically influence the activity of 
members of -the MAPKs, particularly those of the stress- 
activated protein kinases (SAPK/JNKs, p38-MAPK) 
(5,6). A common feature of all MAPKs is their 
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ability to phosphorylate the transactivation domains of 
numerous transcription factors and thus modulate tran- 
scriptional activity. However, it cannot be excluded that 
MAPK activation also has effectors outside the nucleus. 
The fact that repeated brief occlusion, which can amplify 
the conditioning effect of the first occlusion, induced an 
attenuation of p38-MAPK activity suggested that p38- 
MAPK activation may cause premature ischemic cell 
death. We hypothesized that SB203580 (SB), an inhibi- 
tor of p38-MAPK, may be able to protect the heart 
against the consequences of prolonged ischemia. This 
hypothesis was tested in an in vivo model by two differ- 
ent application methods, of SB: intramyocardial and in- 
travenous infusion. 



MATERIALS AND METHODS 

The experimental protocol described in this study was ap- 
proved by tte Bire^ 

suSCTSerml^ werc 
handled in accordance with the guiding principles in care and 
use of animals as approved by the American Physiology Soci- 
ety, and the investigation conformed with the Guide for Care 
and Use of Laboratory Animals published by the U.S. National 
Institutes of Health. 



Chemicals 

Azaperone, metomidate, and piritramide were purchased 
from Janssea Pharmaceutic* (Meckenheim, Germany). SB, 
protein kinase inhibitor (PK3), a-chloralose, triphenyl tetrazo- 
lium chloride (TIC), and other biochemicals were from Sigma 
(Deisenhofen, Germany). The fluorescent zinc-cadmium sul- 
fide microspheres (diameter, 2-15 urn) were purchased from 
Duke Scientific Corp (AC Leusden, Netherlands). The poly- 
clonal antibody against p38-MAPK was from Santa Cruz Bio- 
technology (Heidelberg, Germany). Phospho-p38-MAPK, 
phospho-SAPK/JNK, ATF-2, and phospho-ATF-2 antibodies 
were from New England Biolabs (Schwalbach/Taunus, Ger- 
many). Nitrocellulose membranes, rainbow molecular mass 
markers, the horseradish peroxidase-4inked goat anti-rabbit im- 
munoglobulin, the enhanced chernilurninescence (ECL) re- 
agents, autoradiography films, and [t- 32 P]-ATP were from 
Amersham (Pharmacia Biotech, Europe GmbH, Freiburg, Ger- 
many). Recombinant MAPKAPK-2 (residues 46-400 encom- 
passing the catalytic domain) was expressed in Escherichia coli 
as glutathione-S-transferase fusion protein (clone provided by 
C. J. Marshall, a kind gift from P. H. Sugden) and was purified 
by glutathione-Sepharose (Pharmacia) chromatography. 

Animal preparation 

Male castrated German landrace-type domestic pigs (32.6 ± 
23 kg) were preroedicated with azaperone (2 mg/kg of body 
weight, im.) and 2 mg/kg BW piritramide, s.c, 30 min before 
the initiation of anesthesia with 10 mg/kg BW metomidate. 
After tracheal intubation, a bolus of a-chloralose (25 mg/kg) 
was given intravenously. Anesthesia was maintained by a con- 
tinuous intravenous infusion of a-chloralose (25 mg/kg/h). The 
animals were ventilated artificially with a pressure-controlled 
respirator (Stephan Respirator ABV, F. Stephan GmbH, Gack- 
enbach, Germany) with room air enriched with 2 L/min of 
oxygen. Arterial blood gases were analyzed frequently to guide 



adjustment of the respirator settings. Additional doses of piri- 
tramide (10 mg) were given i.v. every 60 min. Both internal 
jugular veins were cannulated with polyethylene tubes for ad- 
rninistration of saline, piritramide, and a-chloralose. Arterial 
sheath catheters (7F) were inserted into bom carodd arteries. To 
measure arterial blood pressure, the left sheath was advanced 
into the aortic arch and connected with a Statham transducer 
(P23XL; Statham, San Juan, Puerto Rico). After a midsternal 
thoracotomy, the heart was suspended in a pericardial cradle. 
Arterial pressure, heart rate, and the ECG were continuously 
monitored and recorded on the hard disk of a MacLab com- 
puter. A loose reversible ligature was placed halfway around 
the left anterior descending artery (LAD), and was subse- 
quently tightened to occlude the vessels. In pigs subjected to 
intramyocardial microinfusion, eight 26-gauge needles con- 
nected by tubing with a peristaltic pump (Miniplus; Gilson, 
Villiers-le-Bel, France) were placed in pairs along the LAD 
into the myocardium perpendicular to the epicardial surface. 
After preparation, a stabilization period of 30 min was allowed 
and the experimental protocols were started. The p38-MAPK 
inhibitor. SB, was dissolved in DMSO and finally diluted in 
Ki^s^nseleit buffer (KHB; final concen tration of DMSO 
was 0.1%). For this reason, the infusion of KHB with DMSO 
served .as a negative control (KHB). 

Experimental groups 

This study consisted of eight experimental groups (Fig. \\ 
Group I was subjected to 60 min of occlusion and 60 min of 
reperfusion (control group 1). In group U, SB (40 nM) or KHB 
(with 0.1% DMSO) was administered by local infusion for 60 
min before the index ischemia of 60 min and the following 
reperfusion period of 60 min. In group m, SB (5 mg/animal) or 
KHB was applied by systemic infusion for 10 min before the 
index ischemia (60 min occlusion and 60 min reperfusion pe- 
riods). In group IV, the animals were subjected to 40 min of 
occlusion followed by 60 min of reperfusion (control group 2). 
In group V, the animals were subjected to the preconditioning 
protocol (two cycles of 10- min ischemia and 10- min reperfu- 
sion) followed by a period of 40-rain index ischemia and 60 
min of reperfusion. In group VI, SB (40 nM) or KHB was 
administered by local microinfusion for 15 min before the brief 
occlusions/reperfusions and during reperfusion periods of the 
preconditioning protocol. This was followed by 40 min of isch- 
emia and 60 min of reperfusion. In group VH SB (5 mg/ 
animal) or KHB was applied by intravenous infusion for 15 
min before the brief c>cclvisions/repcrfusions and during reper- 
fusion periods of the preconditioning protocol This was fol- 
lowed by 40 min of index ischemia and 60 min of reperfusion. 
In group Vm, SB (5 mg/animal) or KHB was applied by in- 
travenous infusion for 10 min before the index ischemia of 60 
min, and left ventricular biopsies for in vitro assays were ob- 
tained at the end of SB and KHB infusion and at 5, 10, 20, 30, 
45, and 60 min of the following index ischemia. Drill biopsies 
were taken from control tissue, KHB-, and SB-treated tissue 
(Fig, 1). Biopsies weighed -80 mg and were -4 mm long (i.e., 
they reached from epi- to midmyocardium). 



Determination of infarct size 

At 45 min into the last reperfusion period, 1 g of fluorescein 
dissolved in 10 ml Ringer's solution was injected into the right 
ventricle. This stained the entire myocardium and detected non- 
reperfused tissue. Hearts with traces of nonreperfused myocar- 
dium were excluded from analysis. At the end of the expen- 
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FIG. 1. This study consisted of eight experimental groups. 
Group I was subjected to 60 min of occlusion and 60 min of 
reSfUton (coZi^oup 1). In group II. SB203580 WW or 
KHB (with 0.1% DMSO. negative control) were administered by 
local irtramvocardial infusion (i.m.; infusion rate, 20 pl/min) for 60 
^WmttwMM ischemia of 60 min and the following reper- 
^k^riod Of Mm^n gmup III. SB203560 (5 mg/animafl | or 
KHBwal applied by systemic infusion (sys) for 10 min before the 
X iscSa of 60 min and the following J 
60 min. In group IV. the animals were subjected to 40 min of 
occlusion followed by 60 min of reperfusion (control group 2). In 
croup V. the animals were subjected to a preconditioning protocol 
of two cycles of 10-min ischemia and 10-min reperfusion toltowed 
bv the index ischemia of 40-min ocduston and a reperfusion 
%M 5t^. in gmup VI. SB203580 (40 n^ or KHBwas 
administered by local mlcroinfusion for 15 min before Pfecondi- 
Sg and dunng the reperfusion phase of the prewnditiorung 
prSros wal followed by index ischemia of^mmocclu- 
Sonand a reperfusion period of 60 min. In group V I. SB203580 
Smg/animalJwKHBwas applied by systemic ^^J^ 5 ™ 
before preconditioning and during the reperfusion phases^ This 
was foflowed by the index ischemia of 40-min ocdusKW ia^J the 
mj ^period of 60 min. In group VIII. SB2M58Q W 
animal) or KHB was systematically mfused for 10 min before 
index ischemia of 60 min. and left ventricular biopsies or in vitro 
SsWe obtained at the end of SB and KHB infuse and at 
various intervals of index ischemia. 



mental protocol, the LAD and the aorta were occluded, 
clamped, and 500 rag of zinc cadmium fluorescent micro- 
spheres in 10 ml of Ringer's solution were injected into the 
ascending aoita. Shortly thereafter, the animals were injected 



with an intravenous bolus of 20% potassium chloride to airest 
the heart. After excision, both atria and the right ventricle were 
removed. The left ventricle was cut »to slices along ^ ra> 
cminfusion needle pain perpendicular to the LAD; Heart slices 
wciJheTand 1 incubattd at 37«C in 1% triphenyltetra- 
Sm cWonde CTTO in PBS. pH 7.0. for 20 mia Myocar- 
dium at risk of infarction was identified as the no^uorescent 
fry microspheres) area by UV light (366 nm). The infartted 
area was demarcated by the absence of the charactenstic red 
TTC stain. The slices were photographed by double exposure 
with UV and artificial daylight, and the pictures were used for 
further planiroetric evaluation. Planimetry of the infarct areas 
was performed on the basal aspect of the apex, the apical and 
basal sides of the following four consecutive myocardial slices, 
and on the apical aspect of the basal section of the left ventncle. 
We expressed infarct size (IS) as the infarct area (IA) relative 
to the risk area (RA). Infarct sizes were then averaged per 
group and depicted graphically (Figs. 3 and 5). 

Preparation of soluble and nuclear fractions 

The biopsies for the kinase assays were suspended in ice- 
coldrJwffer^ 

BUT A. 1 0 EGTA. 1.0 dithiothreitol (DTD, 0.1 sodium ortho- 
vanadate.' 10 NaF. and 0.5 PMSF. pH 7.4, (buffer A), and were 
homogenized with a Teflon-glass homogenizes The homog- 
enates were centrifuged at 14.000 g for 30 min at 4°C. The 
supernatant* represented the soluble (cytosolic) fracnons. The 
pellets were resuspended in buffer B containing in mM: 20 
Tris-HO. 1.000 sucrose. 1.0 EDTA. 1.0 EGTA. L0 DTT, 0.1 
sodium orthovanadate, 10 NaF. 10 KC1. and 0.1 PMSF (pH 
7.4). and were centrifuged for 30 rain at 10.000 g (4°Q. The 
resulting pellets were resuspended in buffer C containing 10* 
glycerol. 20mM Tris-HCl. 400mMKO. 1.0 mM EGTA, 1.0 
nM DTT. 0.1 mM sodium orthovanadate, 10 mM NaF. 0.5 mM 
PMSF and 0.1 % Triton X-100. and sonicated and used for the 
detection of transcription factor ATF-2. For the preparation of 
electrophoretic probes. Laemmli sample buffer was added and 
the proteins were denatured by heating. The denatured probes 
were applied to sodium dodecyl sulfate-poiyacrylamide gel 
electrophoresis (SDS-PAGE). and used for MAPK assays by 
in-gel kinase assays and for Western blot analysis. 

Measurement of p38-MAPK activities by 
in-gel phosphorylation 

Equivalent amounts of proteins were separated on 10% 5Di>- 
polyacrylamide gels containing 0.5 mg/mt of GST- 
MAPKAPK-2.^00. After electrophoresis, Ke gels were 
washed for 1 h with 20% (vol/vol) 2-propanol in 50 mM Tns- 
HC1 (pH 8.0). followed by 1 h with 5 mM 2-mercaptoethanol in 
50 mM Tris-HO, pH 8.0. The in-gel proteins wore denatured 
by incubation for 2 h with 50 mM Tris-HO. pH 8.0, containing 
6 M guanidine-HCl. Renaturation was achieved by incubation 
with 50 mM Tris-HO, pH 8.0. containing 0.1% (vol/vol) Noni- 
det P-40 and 5 mM 2-mercaptoethanol for 16 h. After prein- 
cubation of gels in 40 mM HEPES (pH 8.0) containing 2 mM 
DTT and 10 mM magnesium chloride, the »n-f£ptoP™7£ 
tion of substrates was performed in 40 mM HEPES (pH 8.0), 
0J mM EGTA, 10 mM magnesium cworide.1.0 proton 
kinase A inhibitory peptide, and 25 pM 1>»P]-ATP (5 |xCi/ 
ml) at 25°C for 4 h. In some experiments, die sample prep- 
ration, incubation of gels, and phosphorylation were perform* 
in the presence of 50 nM SB. After extensive jasfung in 5* 
(wt/vol) trichloroacetic acid containing 2% (wt/vol) sodium py 
rophosphate, the gels were dried, and quantitative analysis was 
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performed using a Phosphorimager SF (Molecular Dynamics, 
Krefeld, Germany). 

Immunoblot analysis ; erNC 

Soluble or nuclear fractions of heart were subjected to SDS- 
PAGE in 10% polyacrylamide gels, and proteins were trans- 
ferred onto nitrocellulose membranes. Anti-p38-MAPK. jmn- 
phospho-p38-MAPK, anti-phospho-SAPK/JNK, anti-ATF-2, 
and anu-phospho-ATF-2 antibodies were used for primary im- 
munodetection. The secondary antibody directed against all 
antibodies was peroxidase-labeled anti-rabbit immunoglobulin. 
Bound antibodies were detected by the ECL Western blot de- 
tection method. 

Statistics 

For the IS quantification, we used the unpaired Student's t 
test; p < 0.05 was accepted as significant. For in-gel phosphor- 
ylation and Western blot assays, the SB-treated tissue biopsy 
material was compared with control (untreated) and KHB- 
treated tissue (negative control). ^ 
ated with a Student's t test. The accepted level of significance 
was p < 0.0S. 



RESULTS 

Hemodynamic data 

The infusion of SB, systemic and local, had no effect 
on blood pressure and heart rate. Coronary occlusion 
produced a decrease in blood pressure that usually re- 
turned to normal values before reperfusion. 

The effect of SB203580 infusion on infarct size 

The effects of local and systemic infusions of the p38- 
MAPK inhibitor SB on IS in pig myocardium are shown 
in Figs. 2 and 3. The local intramyocardial infusion of 
SB203580 (40 nAf) for 60 min before index ischemia 
(group II) significantly reduced infarct size from 69,3 ± 
2^7% (control, group I) to 36.8 ± 3.7% (p < 0.002; Fig. 
3) When SB was infused intravenously (5 mg/animal) 
for 10 min before the onset of 60-min coronary occlusion 
(group HI), we also observed a significant reduction of IS 
as compared with control (group I; 36.1 ± 5.6% for SB, 
693 ± 2.7% for control). ^ 
^USIbut^^ 

local and systemic infusions of KHB/DMSO (0.1% 



SB203580-microirvfusion 




infarcted area 



salvaged myocardium 
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zone 
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FIG. a. imrarnyocaro* infusion °< SB203WP »^ 
StoTtollowed by reperfusion of 60 min (control group 1 ). 
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FIG. 3. Effect of local intramyocardial (group II) and 
systemic infusion (group 111) of SB2035BO before in- 
dex ischemia on infarct size in pig myocardium. 
Group II: Effect of KHB/DMSO infusion on infarct 
size. Values are expressed as percentage of the 
• area at risk of infarction (group I, control group 1). 
Each bar represents the mean ± SEM. *p < 0.002 
(vs. group J). 



group III 
SB 



DMSO in KHB, negative control) before index ischemia 
&fluenee~the-IS-as compared with control (Hg.-- 

3). 

The effect of SB203580 on ischemic preconditioning 
The effect of local and systemic infusion of SB on 
cardioprotection by ischemic preconditioning is shown 
in Figs. 4 and 5. When SB was applied locally before and 
during the ischemic preconditioning protocol (group VI), 
the IS represented 3.8 ± 0.5%. This IS was significantly 
lower than that in control 2 (group IV; IS, 54.0 ± 2.5%) 
and was not different from group V (IS, 2.5 ± 0.7%; Fig. 
5). Systemic application of SB203580 before and during 
the preconditioning protocol (group VII) did not influ- 
ence the IS limitation mediated by ischemic precondi- 
tioning (3.2 ± 0.5% for SB systemic; Fig, 5). Also in this 
case, IS was significantly lower than in the control group 
2 (group IV). These results show that the infusion Qocal 
or systemic) of SB before and during ischemic precon- 
ditioning did not influence the IS limitation mediated by 
ischemic preconditioning. The infusion of KHB/DMSO 
before and during the preconditioning protocol did not 
influence the effect of ischemic preconditioning (Fig. 5). 

Effect of SB203580 on p38-MAPK activities 

The p38-MAPK activity and the phosphorylation state 
of this enzyme were investigated during index ischemia 
that followed the systemic infusion of SB or of the sol- 
vent. The ventricular drill biopsies were taken from the 
ischemic and nonischemic regions at time points de- 
scribed in the experimental protocol VIII (Fig. 1). Using 
an antibody that reacts specifically with dual- 
phosphorylated p38-MAPK (Thrl80/Tyrl82), we inves- 
tigated the content of phosphorylated p38-MAPK after 
systemic infusion. In both SB and KHB infusion, we 
found a significant increase of phospho-p38-MAPK dur- 
ing ischemia (Fig. 6A and B), with a maximum reached 
at 20 min of ischemia and without significant differences 
between KHB- and SB-treated tissue. Only at 30 and 45 
min of ischemia did SB significantly reduce the content 
of phospho-p38-MAPK. With an antibody that reacts 



specifically with the phosphorylated form of SAPK/ 

-JNKs^-we.cUdin^ 

ylation of these kinases during ischemia after SB or KHB 
treatment (Fig. 6C). Western blot assay with a specific 
p38-MAPK antibody showed that there were no signifi- 
cant changes in p38-MAPK abundance when cytosolic 
fractions from untreated, KHB-, and SB-treated tissue 
were compared (Fig. 7A and B). Some decrease in con- 
tent of p38-MAPK after SB infusion was observed after 
45 min of ischemia, but this difference was not statisti- 
cally significant By means of in-gel phosphorylation of 
a specific. p38-MAPK substrate (GST-MAPKAPK- 
246-40o). we investigated the effect of SB on p38-MAPK 
activity. We found that systemic infusion of SB for 10 
min before index ischemia did not significantly change 
the p38-MAPK activities when compared with KHB 
(DMSO) infusion ^20 min of ischemia (Fig. 8A and B). 
Only at 30 and 45 min of ischemia did SB significantly 
reduce the activity of p38-MAPKL The influence of SB 
on p38-MAPK activities during ischemia correlates with 
the observed time course of p38-MAPK phosphorylation 
(Fig. 6B). SB is an inhibitor that directly and reversibly 
influences the p38-MAPK, However, SB does not 
change die phosphorylation state of p38-MAPK itself (a 
factor important for activation of this enzyme), and after 
washout of the inhibitor by homogenization and buffer 
washes, the p38-MAPK is reactivated. For this reason, 
we investigated the p38-MAPK activities also when SB 
was present during the whole experimental procedure 
(especially by in-gel phosphorylation). In this, case, we 
observed significant reduction of p38-MAPK activities 
(reduced phosphorylation of MAPKAPK-2) in the pres- 
ence of SB (Fig. 8A and Q. 

Effect of SB203580 on the phosphorylation 
of ATF-2 

To determine the in vivo effect of SB on p38-MA?K 
activities, we determined also the in vivo phosphoryla- 
tion of activating transcription factor-2 (ATF-2). This 
transcription factor serves as an endogenous substrate for 
p38-MAPK, and we investigated its phosphorylation af- 
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KHB-microinfusion SB203580-microinfusion 





" * - life. 



i 



ter systemic infusion of SB (or KHB as negative control) 
and during the following ischemia (group Vffl; Fig. I). 
We found 8 that the presence of SB signify inhibited 
the ischemia-induced phosphorylation of ATF-2 (Fig. 9). 
The content of phospho-ATF-2 was decreased after in- 
Sion o?SB (compared with KHB control). In negative 
SSSuCKHB infusion), we observed dunng ischemia 



increased phosphorylation of ATF-2 (maximum at 20 
StSemia). but the presence of SB 
ischeniia-induced P 38-MAPK-memated phosph^la 

tion of ATF-2. Western blot assays with a speofic 
ATF-2 antibody showed that there were no significant 
rhtLts Tin ATF-2 abundance when nuclear fractions 
from untrrateOfflB-. and SB-ireated dssue were com- 
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FIG. 5. Effect of local (group VI) and systemic 
(group VII) infusion of SB203580 on the cardiopro- 
tection induced by ischemic preconditioning. Group 
IV: Effect of KHB/DMSO infusion on Infarct size after 
Ischemic preconditioning. Values are expressed as 
percentage of the area at risk of infarction. Group IV 
is control group 2; group V underwent the ischemic 
preconditioning protocol. Each bar represents the 
mean ± SEM. *p < 0.001 (vs. group IV). 



pared. This observation proves that the changes of phos- 
pho-ATF-2 reflect, the different degree of phjosphgryla^ 



tion of this transcription factor. 

DISCUSSION 

The most important findings axe our observations that 
(a) the inhibition of p38-MAPKinase pathway with the 
specific inhibitor SB before and during ischemia protects 
the myocardium against ischemic cell death, and (b) the 
systemic or local application of SB before and during the 



. ischemic preconditioning (IP) protocol did not influence 
the IP-mediated cardiopTOtection, We have- previously 



reported that ischemia increased p38-MAPK activity, 
that reperfusion downregulated, and that repeated brief 
ischemia further downregulated its activity (4). We 
showed also the protective effect of p38-MAPK inhibi- 
tion during ischemia (7). These results suggested an in- 
verse correlation between p38-MAPK activation and sur- 
vival (i.e., low p38-MAPK activity correlated well with 
an improved chance of survival and vice versa). Because 
uninterrupted ischemia is the fastest way to cell death, 




C 0 5 10 20 30 45 60 CE 



• P-JNK-55 

• P-JNK-46 



■ P-JNK-55 

< p.jnk-46 




C SB 5 10 20 30 45 60 CE 



RG. 6. Effect of systemic infusion of SB203580 and KHB. on the 
phosphorylation of D38-MAPK during subsequent ischemia. SB203580 
(5 mg/animal) or KHB were applied by systemic infusion for 10 min before 
the index ischemia of 60 min, and drffl biopsies were taken from control 
tissue, KHB-, and SB-treated tissue. A: Western blotting analysis with a 
specific antibody against phosphorytated p38-MAPK (Thr180/ryr182). 
Top: The effect of KHB treatment Bottom: Results after SB203580 treat- 
ment Arrows indicate the position of the ptosprxvp38-MAPK. C, un- 
treated control tissue; CE, control, end of the experiment (non-risk area); 
0, end of KHB- or SB203580 infusion (start of ischemia). Five, 1 0, 20, 30, 
45, and 60, time points of ischemia. B: Quantification of p38-MAPK phos- 
phorylation during ischemia after systemic infusion of KHB and 
SB203580. Data were derived from Western blot assays and are ex* 
pressed as a percentage of values for corresponding control tissue. Each 
bar represents the mean ± SEM (n « 4). *p.< 0.05 (vs. KHB/DMSO). 
Quantitative analysis of Western blot records was performed using a laser 
densitometer. C: Effect of systemic infusion of SB203580 and KHB on the 
phosphorylation of SAPK/JNKs during ischemia Top: Effect of KHB/ 
DMSO treatment Bottom: Effect of SB203530 treatment P, positive control. 
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MAPKAPK-2 observed in the cited study was -70 nM 
and 3-10 )iM for total SAPK/JNK activity. The concen- 
tratim of SB used in our study was 40 nM. The concen- 
Sdon liat would inhibit also SAPK/JNKs were there- 
fo« not retched. Moreover, we and others found that the 
S« of SAPK/JNKs are unaff^ed by 
activation occurs only during reperfusion (4,11.12). to 
this study we did not observe stimulanon (increased 
phosphorylation) of SAPK/JNKs activities dunng ische- 
Sa. For this reason, the SAPK/JNKs are mOdy -con- 
tributors in the increased phosphorylation of ATF-2 dur- 
ing ischemia. Our findings strongly suggest that P 38- 




FKL 7 Effect of systemic Infusion of SB203580 (5 m^anlmal) 
XraSme cogent of ^ P ^ ng a ST^tK 
em blot analysis with a specific antibody X^B2035aOAr- 
Tod- Results after KHB treatment Bottom: After SS203&00. w 
£j» Sotote the position of the pM-MAPK. C. untreated control 
contXend of experiment (nonrrtekareaJ^O. end of 
?Sb or SB203580 infusion (start of >^mtaV. 5 . 10. 
and 60. time points of ischemia. B: Quantification « PSB-ma™ 
Start ischemia after £»tal Wuston of KHB and 

SB203S80. Each bar represents the mean * sem t,n ■ »>. 

we hypothesized that p38-MAPK stimulation^ the 
cause for accelerated or premature cell deatii. This hy- 
pothesis was tested by systemic and by local infusionof 
r P 38-MAPK inhibitor, the pyridinyl imidazole com- 
pound SB. The infusion of SB markedly increased the 
Serena to ischemia, especially whea infused locaUy 
inHe myocardium, a useful method for the sWdy of 
tool drugs mat are either too costly or too toxic for sys- 
cmic use (8.9). SB also significantly reduced ; IS iftj 
systemic i.v. injection. When care was taken that the SB 
aL) was present during the phosphorylation step by m- 
E el phosphorylation, it exhibited a powerful inhibitory 
effect on P38-MAPK. ATF-2 is a transcription factor that 
2£s in vivo as a substrate for the p38-MAPK cascade. 
We observed increased phosphorylation of this transcrip- 
tion factor during ischemia, but the phosphorylation ^was 
siouficantly reduced as a consequence of p38-MAl-K 
ioWbition by SB. It was reported that SB at high con- 

UtttfS of P 38-MAPK-mediaUd stimulation of 




-*«#-p38 
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10 20 30 4S 60 

FIG 8 Effect of systemic infusion of SB203580J (5 mg/animar) 

time points of ischemia- B: OteanttoMmel S&seo. 

Sm cSSve gel analysis was performed using Phosphorinrv 
— r SF (Molecular Dynamics). 
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FIG. 9. Western blotting analysis with a specific antibody 
aoa ns phospho-ATF-2. A: After KHB treatment B: After 
SBUaSto treatment Arrows indicate the position of the phos- 
SESmS: 7 untreated control tissue; CE tort, end of ex- 
Sriment (non-risk area); DM. end of KHB infusion; SB end of 
SB20358O Infusion (start of ischemia); 5, 10, 20. 30. 45, and 60. 
timers of ischemia. C: Quantification of content ol phosphor. 
ytatedATF-2 during ischemia after systemic in uaion of KHB and 
SB203580 Data were derived from Western blot assays and are 
expressed^ a percentage of values * « contg 

tissue. Each bar represents the mean ± SEM (n « 4), p < 
(vs KHB/DMSO). Quantitative analysis of Western blot recoros 
was performed using a laser densitometer. 



MAPK is part of a pathway accelerating cell death. 
These findings axe in contrast to those of others who 
found, in the rabbit, that P 38-MAPK is the pathway fa- 
voring survival. In the study of Weinbrenner et al (13), 
it was shown that ischemia caused no increased phos- 
phorylation of the tyrosine residue of p38-MAPK in the 
rabbit heart, and the increased phosphorylation occurred 
only when the heart was preconditioned. However, our 
previous findings with regard to p38-MAPK activation 
(increased phosphorylation) during ischemia (4) in pig 
myocardium are in agreement with Bogoyevitch et al. 
(11), who found in isolated rat heart that the p38-MAPK 
activity was strongly activated by ischemia alone. In con- 
trast to our findings, this activation was further increased 
during reperfusion. These somewhat divergent results 
strongly suggest the existence of species differences. Our 
results are in support of those by Ma et al. (14), who 
showed that administering SB before ischemia and dur- 
ing reperfusion completely inhibited p38-MAPK activa- 
tjon and exerted a beneficial effect on the recovery of 
myocardial function and reduced the incidence of apop- 
Ete study of Mackay and Mochly-Rosen (15 dem- 
onsiated a protective effect of SB against extended isch- 



emia in cultured neonatal rat cardiomyocytes. These 
cited studies, which all supported the view of a negative 
survival value of p38-MAPK in ischemia, are in contrast 
to the earlier results by V/einbrenner et al. (13), who 
observed that SB completely abolished the protection 
from ischemic preconditioning in isolated cardiomyo- 
cytes and suggested a positive role of p38-MAPK in 
preconditioning. Nagarkatti and Sha'afi (16) also found 
that the protective effect of preconditioning stimuli was 
abolished in the presence of SB but not in the presence of 
MEK inhibitor PD98059 in the rat myoblast cell line 
H9C2. In contrast to the results of these studies, we 
found that both systemic and local applications of SB 
before and during brief coronary occlusions did not in- 
fluence the protection by ischemic preconditioning. 
Moreover, in contrast to the results of Nagarkatti and 
Sha'afi (16), we recently found that the MEK inhibitor 
PD98059 abolished the protective effect of precondition- 
ing (17). Paradoxically the study of Nagarkatti and 
Sha'afi reported. a protective L^^M3JS^SSQ.jAm... 

" presem"ftu^ 

viously that ischemia in our experimental model stimu- 
lated the p38-MAPK activity, but attenuation occurred 
during repeated ischemia (4). It is of interest that Nagar- 
katti and Sha'afi (16) support our finding that ischemic 
stress activates p38-MAPK and that preconditioning de- 
creased activation of p38-MAPK in response to repeated 
ischemia. Our results with the p38-MAPK inhibitor and 
SAPK/JNK activators (7,18,19) support those of a recent 
report by Wang et al. (20), who studied the role played 
by MKK7 and found that p38-MAPKs promote cell 
death in cultured cardiac myocytes and that the JNKs 
were important for hypertrophy but also favored sur- 
vival. It was shown that in isolated perfused rat hearts, 
ischemic stress was associated with nuclear translocation 
and activation of nuclear factor kB (NFkB), which was 
significantly blocked by genistein and SB (21). It was 
alsoreported that the activation of p38-MAPK and of 
NFkB leads to tumor necrosis factor (TNF) production 
(22) which contributes to postishemic myocardial dys- 
function. In isolated perfused rat hearts, it was found that 
p38-MAPK inhibition or treatment with TNF-binding 
protein decreased myocardial TNF production, cardio- 
myocyte death, and myocardial dysfunction (23). These 
observations also suggest the negative survival value of 
p38-MAPK during ischemia and show that inhibiUon of 
p38-MAPK increases the ischemic tolerance. 

In this study and also in our previous experiments, we 
observed two bands (protein kinases) in the range of 
38-45 kDa that use MAPKAPK-2 as a substrate in vitro. 
We investigated the specificity of the ^onf^r p38- 
MAPK by immunoprecipitation with a p38-MAFK poly- 
clonal antibody (C-20). The antibody is specific for p38- 
MAPK and is not cross-reactive with ^8-M^K-rxta. 
The same antibody was used for detecnon of p38-MAPK 
content presented in this study (see Fig. 1A) We found 
that the antibody reacted very strongly with a 38-kDa 
protein of molecular mass of (p38-MAPK) and when the 
immunoprecipitate was tested by in-gei phosphorylation 
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of MAPKAPK-2, we found activity only in the range of 
38 kDa. We cannot exclude the possibility that the upper 
band of 45 kDa represents some isofonn of p38-MAPK, 
but our results show that SB inhibits preferenually the 
activity of the lower (38-kDa) band. It is known that the 
p38-MAPK exists in at least six isoforms (two alterna- 
tive spliced isoforms a and B and isoforms t and 8). 
These p38-MAPKs differ in their sensitivity to stimula- 
tion, inhibitor sensitivity, and also substrate specificity. 
We cannot exclude the possibility that more than one 
isofonn of p38-MAPK is activated during myocardial 
ischemia. However, PC12 cells showed a selective acti- 
vation of p38-MAPK-a and p38-MAPK-y by hypoxia 
(24). Hypoxia had no effect on the activity of the B and 
8 isoforms. Our results obtained with SB in vitro (phos- 
phorylation step of in-gel assay; Fig. 8A and C) show 
that SB fully inhibited the ischemia-induced p38-MArh. 
activity. It has been described that the y and 8 isoforms 
are resistant to inhibition by SB (25.26). This would 
_^ggesMhatfoe«.tw.o,p38JyJ^^ 

not involved in the effects of SB during ischemia and in 
mechanisms leading to ischemic death. 

In conclusion, we provide detailed informadon about 
the detrimental effect of p38-MAPK activation during 
ischemia, which can be inhibited by SB. We have pro- 
vided further evidence for our hypothesis that ischemia/ 
reperfusion activates different signaling cascades with 
opposing effects on survival, of which the ERKs and the 
SAPK/JNKs favor survival, and the p38-MAPKs accel- 
erate cell death. The development of future treatment 
strategies for ischemic syndromes may find these obser- 
vations useful. 
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